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ABSTRACT 
 
The primary reactions and secondary effects resulting from cellulose fast pyrolysis 
were investigated. It was found that mass transfer limitations existed when the sample weight 
of powder cellulose was larger than 800 μg or when the cellulose particles were pyrolyzed at 
a larger characteristic length scale. Similar pyrolysis product distributions were obtained for 
celluloses of differing crystallinity, degree of polymerization, and feedstock type, implying 
that the primary products from cellulose were not influenced by these factors.  
Interactions between cellulose-hemicellulose and cellulose-lignin during fast 
pyrolysis were examined by comparing the pyrolysis products from their native mixture, 
physical mixture and superposition of individual components. Negligible interaction was 
found for either binary physical mixture. For the native cellulose-hemicellulose mixture no 
significant interaction was identified either. In the case of the native cellulose-lignin mixture, 
herbaceous biomass exhibited an apparent interaction. However, such interaction was not 
found for woody biomass.  
An acid-base bi-functional catalyst, which was synthesized by acid treating a natural 
mixed metal oxide, serpentine, was studied for catalytic deoxygenation of bio-oil model 
compounds. Catalyst characterization revealed stronger acid sites were introduced by the 
formation of bridged hydroxyl groups between a Si atom and a heteroatom during acid 
treatment. It was also suggested that the acidic and basic sites are closely jointed together in 
the bi-functional catalyst. The acid-base bi-functional catalyst could best promote aldol 
condensation reactions, comparing to single acid, single base, and physical mixture of acid 
and base. The best deoxygenation was also observed for the bi-functional catalyst during 
catalytic conversion of the single model compound.  
vi 
 
Catalytic deoxygenation during cellulose fast pyrolysis was performed over acid, 
base, transitional metal compounds and acid-base bi-functional catalyst. The results showed 
the bi-functional catalyst achieved the best balance between deoxygenation and bio-oil yield 
among the tested materials. It appeared that during catalysis, the acidic sites primarily 
promoted dehydration while the basic sites mainly promoted fragmentation reactions. 
Compared to a physical mixture of acid and base materials, the bi-functional catalyst 
appeared to promote deoxygenation reactions more effectively presumably due to the 
presence of adjacent acid and base sites. 
 
 
 
  
1 
 
CHAPTER 1 
GENERAL INTRODUCTION 
 
Renewable energy has been an attracting increasing interest in both research institute 
and industry as a strategical substitute for traditional energy sources such as crude oil, coal, 
natural gas etc.. Biomass, a theoretically inexhaustible resource of organic carbon, became a 
promising source for generation of renewable energy and chemicals.
[1]
 Development of cost-
effective process to convert biomass into usable liquid fuels has been hot research topic in 
recent years. Several techniques, such as thermochemical, biological and catalytic processes, 
have been proposed to fulfill this conversion.
[2]
 Among the routes for converting biomass 
into fuels, fast pyrolysis has unique advantages and is becoming an attractive technique in 
recent years since it could convert solid biomass into liquid product, called as bio-oil
[1, 3]
, in 
an efficient and environmental friendly approach, due to its short reaction time and 
diminished emission of green gases.
[4]
 However, bio-oil has some undesired characteristics, 
such as low pH value, low heating value and is unstable, all of which introduce difficulties 
during its replacement for crude oil. Such undesired features come from the intrinsic complex 
chemical composition within bio-oil, such as plentiful high oxygen content products and 
multifunctional group products.
[1]
 In recent decades, researchers have focused mainly on 
optimizing bio-oil yield and reactor configuration. Less research was done on completely 
identifying and quantifying chemicals in bio-oil. This trend on research hindered the 
fundamental understanding on mechanism of fast pyrolysis. Therefore, in order to build an 
effective technique platform to make bio-oil a feasible replacement to crude oil, either by 
optimizing the fast pyrolysis conditions or catalytically upgrading bio-oil during or after 
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pyrolysis, fundamental understanding on biomass pyrolysis mechanism and chemical 
composition of bio-oil are needed.  
There are many challenges in uncovering the mechanisms of fast pyrolysis. First of 
all, series of reactions will happen, which include primary reactions, vapor phase secondary 
reactions and condensation reactions, characterized by products’ residence time and type of 
phase where reactions happen. Primary reactions are defined as the reactions that occur 
inside of reactor within very short residence time (less than 1 second). Secondary vapor 
phase reactions are the reactions between the reactor and the first condenser. The 
condensation reactions occur mainly within condensers. Secondary vapor phase reactions and 
condensation reactions are both considered as secondary reactions. Therefore, it will jump 
too far if we try to understand the mechanism of all of these reactions at one time without 
knowing reaction mechanism in each step.  
Secondly, biomass mainly contains three components: cellulose, hemicelluloses, 
lignin, and some mineral impurities such as alkali, alkaline earth metals, silicon etc. Each of 
them can play certain role in fast pyrolysis. For example, levoglucosan is mainly evoluted 
from cellulose, phenolic compounds are generated by lignin, while alkali and alkaline earth 
metals can act as catalysis to change product distribution dramatically even though their 
content is very low.
[5]
  
Because of such complexity, it is more feasible to study reaction mechanism by 
decoupling primary and secondary reactions. P. R. Patwardhan built up a micropyrolyzer-
GC-MS/FID system to study the product distribution of primary reactions of individual 
components (cellulose, hemicellulose, lignin).
[6-8]
 The results show that this reaction system 
can identify and quantify most products from individual component in biomass due to the 
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close mass balance between products and reactants. Product distribution of cellulose shows 
that levoglucosan and low molecular weight compounds (glycoaldehyde, formic acid etc.) 
are generated through competitive reactions during primary pyrolysis while product 
distribution from lignin in primary pyrolysis shows most products are monomeric phenolic 
compounds and these monomeric phenols could undergo oligomerization when they were 
condensed to form lignin-derived bio-oil.
[6, 8]
 Since there are various products generated 
during fast pyrolysis and some of them are reactive, products from one component may react 
with products from other components, or act as catalysis for them, which will change product 
distribution. In order to understand the overall pyrolysis reaction mechanism of 
lignocelluloses, the next work will be studying the interaction effects among these three types 
of biopolymers.  
It is commonly known that cellulose is a polysaccharide made of D-glucose unit 
connecting with β-1-4 glycosidic bond. Crystallinity is an important property of cellulose 
since it reveals how the parallel glucose-unit made sheet packed with each other and the 
location of H-bond among and within these sheets.
[9, 10, 37]
 Another important property for 
cellulose is the degree of polymerization (DP), which depends not only on the type of 
biomass where cellulose is isolated but also on the isolation and pretreatment method.
[11, 12]
 
The influence of crystallinity and degree of polymerization on cellulose pyrolysis has been 
studied on last several decades. These researches mainly focused on building kinetic models 
for different types of cellulose and comparing the difference in parameters which fit the 
proposed models.
[13-17]
 Schultz et al.
[14]
 claimed that the crystallinity of cellulose affected the 
rate constants and activation energy within pyrolysis kinetic model, due to different enthalpy 
and entropy change from the different types of cellulose. Poletto et al.
[16]
 reported that the 
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crystallite size of cellulose influenced both activation energy and thermal stability for thermal 
decomposition of cellulose. However, Kim et al.
[17]
 stated that neither crystallite size nor 
crystallinity would affect the activation energy during thermal decomposition of cellulose. 
Moreover, the initial thermal degradation temperature (Ti) has also been considered as a 
characteristic which might be influenced by the crystallinity and degree of polymerization of 
cellulose.
[13, 15, 17]
 Kato et al.
[13]
 stated that formation of furfural and 5-hydroxy methyl 
furfural was enhanced for cellulose with lower degree of crystallinity. Moreover, the lower 
crystalline and polymerized cellulose also had lower Ti. They claimed that hydrogen bonds 
and van der Waals force lead to these differences since the glycosidic cleavage prefers to 
occur in amorphous region, which is less resistant for heat.
[18]
 The lower Ti from lower 
crystalline and less polymerized cellulose was also proposed by Aprigio and Kim.
[15, 17]
 It 
should be however noted that most of these work were performed by thermal gravimetric 
analyzer (TGA), which could not provide high heating rates required for fast pyrolysis. 
Therefore, the analysis methodology was mainly based on sample weight loss although a few 
pyrolysis products were quantified by GC-thermal conductivity detector, leading to a lack of 
comprehensive comparison on product distribution. Further, few articles mentioned about 
sample purification and showed data for mineral contents, which is crucial to cellulose 
thermal decomposition since minerals could act as strong catalyst to dramatically change 
kinetics and product distribution. Therefore, in order to examine pyrolysis behavior of 
different celluloses in the constraint of fast pyrolysis conditions and demineralized samples, 
these weaknesses mentioned above should be overcome.  
Cellulose, hemicellulose and lignin are commonly known major biomass 
components, constituting 40-60 wt. %, 20-40 wt. %, and 10-25 wt. % respectively (U.S. 
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department of energy--Biomass feedstock composition and property database). The weight 
percent of individual component may vary depending on the type of biomass. In the sense of 
physical structure, the lignin is located in the outer cell wall of biomass, strengthening the 
overall structure of biomass. Cellulose, a crystalline polymer, is located inside of the lignin 
wall while the hemicellulose, with a random and amorphous structure, is located within the 
cellulose and between the cellulose and lignin. In the sense of chemical combination, 
hydrogen bonds exist between cellulose and lignin as well as cellulose and hemicellulose. 
Additionally, covalent linkages, mainly ether bond, were proposed to be present between 
cellulose and lignin.
[19-21]
 Therefore, such hydrogen bonds and covalent linkages in original 
biomass might cause a different pyrolytic behavior between physical mixture and native 
mixture.  Moreover, the active pyrolysis products from different components might interact 
with each other, which could be verified by pyrolyzing physical mixtures and comparing 
their product distribution with corresponding superposition yield.  
To our knowledge, several literature articles have claimed that there is no or 
negligible interaction among cellulose-hemicellulose-lignin during pyrolysis by proving that 
the pyrolytic behavior of either binary mixtures or ternary mixtures could be explained by 
fractionally adding pyrolytic results from single components.
[22-29]
 However, the reaction 
system and analysis methodology they using had intrinsic weaknesses, leading to their 
ambiguous or non-persuasive conclusions. Most of the experiments were performed with a 
thermogravimetric analyzer (TGA), which is not capable of providing high enough heating 
rates required by fast pyrolysis. Further, mainly based on the weight loss of biomass, TGA 
could not provide enough insight on molecular speciation within pyrolytic products, which is 
essential to uncover fundamental mechanisms during fast pyrolysis.  
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On the other hand, some researchers have reported that interaction within cellulose, 
hemicellulose and lignin does exist. Hosoya et al.
[30]
 stated pyrolytic behavior of cedar wood, 
especially the yield, hydrolysable sugar content, and molecular weight within generated 
water-soluble bio-oil fraction, were not able to be explained in terms of the combined 
pyrolysis of cellulose, hemicellulose, and lignin even after demineralization. Hosoya et al.
[31]
 
also concluded that there are apparent interaction between cellulose and lignin while 
negligible interaction between cellulose and hemicellulose during pyrolysis. However, the 
reaction system they used is a batch reactor, which provides long residence time compared to 
fast pyrolysis. Therefore, secondary vapor phase reactions and condensation reactions would 
occur, increasing the complexity of the reactions. Moreover, due to a lack of total mass 
balance and carbon balance, complete product distribution cannot be obtained, leading to 
obscurity in the deconvolution of pyrolytic mechanisms.  
Sagehashi  et al.
[32]
 reported that during gasification of biomass, yield of phenol and 
guaiacol surpassed their superposition yield from individual cellulose, xylan, and lignin. 
Nevertheless, with an extremely low heating rate of 5-10 OC/min, the proper heating rate 
required in this process has been overlooked.  In the condition of a low heating rate, the 
volatile products, once generated, could not escape from the heated zone immediately, thus 
being further decomposed or dehydrated, leading to the formation of secondary products and 
char. Further, it has been reported that slower heating rates tend to favor the exothermic 
reactions of char formation whereas higher heating rates promote the endothermic reactions 
that yield pyrolysis vapors
[33, 34]
. Moreover, the type of biomass applied in this study was not 
self-consistent, in which xylan (represented as hemicellulose), extracted from birch wood, a 
hardwood, and kraft lignin were used as individual components while Japanese cedar, a 
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softwood, was used as real biomass. It has been found that different types of biomass may 
lead to a variation in the final pyrolytic product distribution. Obst reported that softwood 
lignin produced guaiacyl-type compounds as major products whereas hardwood produced 
more syringyl and guaiacyl-type compounds.
[35]
 
More recently, Fushimi et al.
[36]
 reported that lignin could suppress the volatilization 
of bio-oil from cellulose while xylan could enhance the decomposition of bio-oil into gases. 
Similarly, without completely analyzing the product distribution, in this work the liquid 
pyrolytic product was only defined as two broad categories: water-soluble and water-
insoluble, from which information of specific chemicals cannot be thoroughly studied. 
Moreover, the heating rate could not be fast enough due to the applied large sample weight 
and the residence time was also too long in comparison to fast pyrolysis, resulting in non-
representative results for fast pyrolytic behavior within biomass.  
Therefore, before obtaining convictive conclusions, those problematic issues 
mentioned above need to be addressed and solved. Firstly, the source of biomass should be 
consistent between individual component and mixtures in each experiment. Secondly, 
biomass sample need to be demineralized before pyrolysis. Thirdly, high heating rates and 
short residence time should be provided by reaction system to constrain the reaction in the 
scope of fast pyrolysis. Except for those mentioned above, comprehensive chemical 
speciation and close mass balance also need to be performed.     
Fast pyrolysis of biomass has a complex reaction network. The complexity would be 
exacerbated if a catalyst were involved. To alleviate the complexity, many researchers 
focused on upgrading bio-oil model compounds instead of the whole bio-oil to build up 
mechanistic insights in this process. Extensive studies have been performed for 
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hydrodeoxygenation of bio-oil model compounds.
[38-46]
 Relatively fewer studies were 
performed on catalytic upgrading of bio-oil model compounds in inert atmosphere, where 
zeolites have received the most attention.
 [47-54]
 These model compounds includes furans, 
acids, esters, ketones, alcohols, phenols, etc. Generally, similar types of aromatics and olefins 
were observed as products from the catalysis of bio-oil model compounds over zeolites. It 
was therefore suggested that common intermediates are involved in this process. Catalysis on 
acid sites and size-selectivity of the zeolite dictates the product distribution. The proposed 
mechanism is hydrocarbon pool theory.
[50,55,56]
 The oxygenates diffuse into zeolite channel 
and undergo a series of reactions to remove oxygen in terms of CO, CO2 and H2O, ending up 
with hydrocarbons and coke. Different reactivity for model compounds was reported as 
phenols had lower conversion than acids, esters, ketones and alcohols.
[51]
 Although the 
monoaromatics and olefins produced from the zeolite catalysts can be used as 
petrochemicals, excessive amounts of polyaromatics were also formed, which are 
atmospheric pollutants.
[50,57,58] 
Co-feeding of the model compounds with chemicals having a 
higher energy content was reported as a way to improve the hydrocarbon yield and the 
selectivity toward monoaromatics. A higher yield of aromatics and olefins was reported by 
co-feeding furans with methanol.
[52]
 A synergistic effect between the reactants was proposed 
to promote methanol to olefins, Diels-Alder, and alkylation reactions. Similarly, higher 
selectivity towards xylene and toluene was reported by co-feeding furans with propylene 
through Diel-Alder reactions.
[53]
 Graca et. al. found co-feeding of gasoil with acetic acid, 
phenol or hydroxyacetone over FCC equilibrium catalyst increased the conversion of these 
model compounds, resulting in a higher yield of hydrocarbons and less coke formation. 
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However, more economic concerns need to be addressed due to the increased cost for co-
feeding.
[54]
  
In addition to zeolites, other catalysts were studied for upgrading bio-oil model 
compound in condensed phase reactions under elevated pressure. Kunkeset. al. reported 
catalytic conversion of glucose and sorbitol to monofunctional hydrocarbons and fuels 
through cascade flow reactors with different catalysts in each flow reactor.
[59]
 The pressure 
used for these reactors ranged from 5 bar to 55 bar. Pt-Re/C was used in the first reactor to 
produce hydrogen and chemicals with single oxygen functional group through C-C and C-O 
bond scission. The produced hydrogen could be used in the following reactor where 
CuMg10Al7Ox, Pd/CeZrOx, and CeZrOx were used as catalysts for hydrodeoxygenation, aldol 
condensation, ketonization, etc, to tune the final product distribution. To remove oxygen and 
create longer chain chemicals out of small aldehydes and ketones in bio-oil, Snell et. al. 
examined aldol condensation of acetaldehyde, acetone and methyl ethyl ketone in a batch 
reactor pressurized to 350 psig at 150 
O
C over aluminum phosphate, known as an acid-base 
bi-functional catalyst.
[60]
 It was proposed that under the reaction condition, acid and basic 
sites were both necessary for aldol condensation. 
To date, except for zeolites, few studies were performed for upgrading bio-oil model 
compounds under in situ fast pyrolysis conditions. Acid and base catalysts are receiving great 
interests for oxygen removal during biomass fast pyrolysis since they can catalyze C-O and 
C-C bond cleavage, such as dehydration, decarboxylation and decarboxylation reactions.
[61-
65]
 During the catalytic deoxygenation, O in bio-oil is mainly removed in the form of CO, 
CO2 and H2O. However, detailed reaction pathways were not clear due to the inherent 
complexity of this process. Acid-base bi-functional catalysts were proposed to facilitate 
10 
 
carbon-carbon bond forming reactions, which could preserve carbon from small molecules 
by forming larger and more stable molecules.
[60,66-69]
 The carbon-carbon forming reactions 
are usually accompanied with dehydration, which further contribute to oxygen removal. 
Therefore, it might be promising to use acid-base bi-functional catalyst for upgrading bio-oil 
model compounds since small molecules would be formed by the C-O and C-C cleavage 
promoted by acid or basic site and then generate larger molecules by condensation reactions 
among them. To our knowledge, acid-base bi-functional catalyst has not been investigated 
for catalytic deoxyegntion of bio-oil model compounds in fast pyrolysis conditions. In the 
current study, cost-effective acid, base and acid-base bi-functional catalysts were 
systematically examined for catalytic conversion of bio-oil model compounds at typical fast 
pyrolysis conditions in a fixed bed flow reactor. The acid-base bi-functional catalyst was 
subsequently used for catalytic deoxygenation during cellulose fast pyrolysis for the first 
time, by comparing with wide range of other catalysis including acid, base, transitional metal 
oxide. These catalysts have been evaluated in terms of optimizing the balance between 
oxygen removal and carbon loss.  
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Abstract 
The primary reactions and secondary effects resulting from cellulose fast pyrolysis 
were investigated using a micropyrolyzer system by changing sample weight, length scale, 
and feedstock of the cellulose. To exclude the catalytic effects from metal ions, all cellulose 
samples were demineralized prior to pyrolysis. Heat transfer calculations estimated the 
characteristic time scale for heat transfer to be one order of magnitude smaller than pyrolysis 
reaction time when the sample weight was less than 800 μg. It was found that mass transfer 
limitations existed when the sample weight of powder cellulose was larger than 800 μg or 
when the cellulose particles were pyrolyzed at a larger characteristic length scale. The mass 
transfer limited system led to secondary reactions including secondary char and gas 
formation from volatile products and decomposition/dehydration of levoglucosan into low 
molecular weight products, furans, and dehydrated pyranose. The secondary reactions were 
found to be catalyzed by the char from cellulose pyrolysis. The pyrolysis of powder 
celluloses of differing crystallinity, degree of polymerization, and feedstock type were 
studied. Over 87 wt. % mass balance closure was achieved for each type of cellulose. Similar 
product distributions were obtained for all of the different celluloses, implying that the 
primary products from cellulose were not influenced by these factors.  
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1 Introduction 
As a route for converting biomass into fuels, fast pyrolysis has unique advantages 
with one being that is can produce a liquid product, bio-oil, from solid biomass. The process 
is potentially efficient and environmental friendly due to its short reaction time and low or 
even neutral emission of greenhouse gases.
[1] However, bio-oil has some undesirable 
characteristics, such as low pH value, low heating value, and relative instability that leads to 
an inability to directly replace crude oil. The undesired features come from the intrinsically 
complex chemical composition of bio-oil, which includes a high oxygen content and a 
multitude of chemical functionality.
[1] As such, unraveling the convoluted mechanisms of 
fast pyrolysis requires detailed chemical speciation of the bio-oil products. Insights into the 
chemistry involved in fast pyrolysis could help to optimize the fast pyrolysis process, thereby 
tuning the final product distribution and providing the basis for determining promising 
downstream upgrading strategies.  
Cellulose is a polysaccharide made of d-glucose units connected via β-1-4 glycosidic 
bonds. It generally makes up 22 to 50% by dry mass of a plant, with the value varying for 
different types of biomass.
[1,2] Previous studies have reported the cellulose pyrolysis product 
distribution with high mass balance closure by using an online micropyrolyzer-gas 
chromatograph (GC)-mass spectrometer (MS)/flame ionized detector (FID) system and 
infrared (IR) gas analyzer.
[3,4] Under fast pyrolysis conditions, the competitive reaction 
pathways involved in the primary thermal deconstruction have been proposed, which broadly 
consist of either the release of levoglucosan or the generation of furans and low molecular 
weight (LMW) species.
[4,5] Recently, Broadbelt et al. have proposed that the primary thermal 
deconstruction of cellulose to levoglucosan occurred predominantly via a concerted 
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mechanism.
[6,7] The computational study suggested that this concerted mechanism was 
favored kinetically. Previous studies also showed that alkali and alkaline earth metal ions 
naturally present in biomass altered the cellulose pyrolysis product distribution possibly by 
changing the activation energy of competing reactions that led to enhancement in the 
formation of furans and LMW compounds at the expense of levoglucosan yield, even when 
these metal ions were present at a low level.
[5]
 
Fast pyrolysis is characterized as occurring at a moderate temperature (400-600 ◦C) 
with a high heating rate (> 500 ◦C/s). However, there is significant debate on whether 
specific fast pyrolysis systems are free of heat/mass transfer limitations and what secondary 
reactions will derive from the transport limitations. Under fast pyrolysis conditions, there will 
be the existence of different physical processes that each require consideration, including 
chemical reactions (kinetics), volatilization and partial pressures of products (mass transfer 
and thermodynamics), and heating rates and temperatures (heat transfer). For example, it has 
been commonly known that a thermogravimetric analyzer (TGA) is limited in the heating 
rates that can be applied. As such, in a TGA cellulose will begin breaking down at 300-350 
◦C thereby producing significant amounts of levoglucosan.[4,8] However, at these lower 
temperatures, the volatility of levoglucosan will be lower and as a result, not all of the 
levoglucosan will escape the heated reaction zone before it further reacts to form oligomers 
or breaks down to lower molecular weight products and gases unless a sufficiently small 
sample size and high gas flow rate is applied.
[9-11] Therefore, kinetic models based on TGA 
experiments tend to include reaction rate constants that contain a convolution of the kinetics 
with the mass and heat transfer effects if the experimental conditions are not carefully 
controlled. Micropyrolyzers, such as provided by Frontier Labs (Japan) or CDS Analytical 
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pyroprobes (USA) are widely used for fast pyrolysis studies because of the high heating 
rates, and by extension high reaction and volatilization rates, which can be achieved. Heat 
and mass transfer depends on various factors in a pyrolysis system, including sample weight, 
size, physical properties, reactor configuration, type and flow rate of the carrier gas, etc. 
Therefore, in situ heat and mass transfer situations should be determined at the relevant 
experimental conditions.  
Lin et al. proposed a kinetic model for cellulose pyrolysis in a Pyroprobe, consisting 
of the formation of levoglucosan, isomerization/dehydration of levoglucosan into 
anhydrosugars, and oligomerization/decomposition of the anhydrosugars to 
oligomers/LMW.
[12] However, it is likely that this mechanism includes both primary and 
secondary reactions since the residence time of vapor products could be several seconds or 
even longer in such a system. Patwardhan et al. studied primary and secondary reactions for 
cellulose fast pyrolysis by comparing product distributions from a micropyrolyzer and a 
fluidized bed reactor, the latter of which has a much longer residence time.
[13] 
Oligomerization of levoglucosan upon condensation and decomposition of dehydrated 
pyranoses and furans into LMW and gases were proposed to be secondary reactions.
[13] 
However, individual experiments using model compounds under comparable reaction 
conditions have not been performed to further validate the claim. Mettler et al. proposed a 
pyrolysis model of thin film cellulose made from powdered cellulose with a characteristic 
length scale claimed to be 3 μm. The calculated heating rate for the thin film was greater than 
1,000,000 ◦C/min under typical pyrolysis temperatures in the micropyrolyzer system. Unlike 
the pyrolysis of powder cellulose, the thin film model was claimed to be free of heat and 
mass transfer limitation, but it gave a lower yield of levoglucosan and a higher yield of LMW 
19 
 
and char.
[3, 14] Interestingly, Mettler et al. also proposed dehydration/decomposition of 
levoglucosan into anhydrosugars and LMW as secondary reactions, which seems to 
contradict the lower levoglucosan yield and higher LMW yield from the thin film cellulose 
than powder cellulose.
[15] Patwardhan et al. tested cellulose with particle sizes of 20 μm and 
50 μm and sample weights ranging from 200 μg to 800 μg in a Frontier Lab micropyrolyzer 
and found no significant difference in product distribution, thereby concluding that heat and 
mass transfer effects did not change within the tested range.
[4] However, a systematic 
evaluation of heat and mass transfer limitations with a broader range of sample weight and 
cellulose morphology would be useful.  
Two other important properties that may be considered are the crystallinity and 
degree of polymerization (DP). The crystallinity is important since it reveals the degree to 
which the polysaccharide strands are packed relative to each other and the amount of 
hydrogen bonding between separate strands.
[16] The DP will depend not only on the type of 
biomass from which the cellulose is isolated, but also on the isolation and pretreatment 
method.
[17]  
The influence of crystallinity and DP on cellulose pyrolysis has been studied with the 
primary focus on constructing kinetic models for different celluloses and then comparing 
parameter differences between the experimental results and proposed models.
 [8, 18-21] Schultz 
et al. postulated that the crystallinity affected the enthalpy and entropy changes in different 
celluloses and, in turn, affected the rate constants and activation energy within their pyrolysis 
kinetic model.
[20] Poletto et al. reported that the cellulose crystallite size influenced both the 
activation energy and thermal stability during the cellulose thermal decomposition.
[19] In 
contrast, Kim et al. suggested that neither crystallite size nor crystallinity affected the 
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activation energy during the thermal decomposition of cellulose.
[21]
  
The initial thermal degradation temperature (Ti) has also been proposed as being a 
characteristic determined by the crystallinity and DP of cellulose. Several groups have 
suggested that cellulose with a lower crystallinity and shorter polymeric chain length would 
have lower Ti values.
[8, 18, 20] Also, thermal glycosidic bond cleavage has been proposed to 
preferentially occur in the amorphous regions of cellulose due to fewer hydrogen bonds and 
diminished van der Waals forces.
[22]  
It is important to note, however, that most of these studies were performed in a TGA, 
which cannot create the high heating rates necessary for high reaction and product 
volatilization rates in fast pyrolysis. Additionally, the analysis methodology used was 
primarily based on sample weight loss leading to an inability to comprehensively compare 
product distributions. Recently, Wang et al. studied the influence of crystallinity on cellulose 
pyrolysis by using a Pyroprobe with online GC-MS analysis and reported that cellulose with 
lower crystallinity tended to form less levoglucosan and more furans.
[23] However, as was the 
case with a number of the above-mentioned articles, sample purity data with respect to 
mineral content was not shown, which has been shown to be crucial in cellulose thermal 
decomposition. Moreover, heat and mass transfer limitations could be convoluted with 
crystallinity effects since their ball-milled, lower crystallinity cellulose would have a smaller 
particle size. Cellulose samples with different particle sizes could have different heat and 
mass transfer behavior particularly under the relatively low heating rate of 100 ◦C/s applied 
in the Wang et al. work.  
In the current work, all cellulose samples were pyrolyzed with an online 
micropyrolyzer-GC-MS/FID system. Theoretical calculations for the heating rates within the 
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micropyrolyzer were performed under the specific experimental conditions to determine if 
the micropyrolyzer is capable of providing fast pyrolysis reaction conditions. Prior to 
pyrolysis, all samples were validated to have low mineral concentrations so as to exclude the 
confounding catalytic effects from metal ions. The primary and secondary reactions during 
cellulose fast pyrolysis were systematically evaluated by changing sample weight, particle 
size, and morphology of cellulose samples. Pyrolysis of model compounds under suspected 
secondary reaction conditions was performed to validate secondary reactions. The goal of the 
current work was to reconcile the apparent inconsistencies reported in the literature for 
cellulose pyrolysis by investigating various cellulose properties to find the effect on pyrolysis 
product distribution. Namely, celluloses with different particle sizes, crystallinities, degrees 
of polymerization as well as from different feedstocks were analyzed. Additionally, the effect 
of sample mass and pyrolysis temperature were investigated.  
2 Experimental Methods 
2.1 Materials 
Sigmacell 20, Sigmacell 50, Avicel PH-101, and Whatman 542 filter paper celluloses 
were purchased from Sigma-Aldrich. The Whatman 542 filter paper was ball milled into a 
powder form prior to pyrolysis. Phosphoric acid swollen cellulose (PASC) was provided by 
the National Renewable Energy Laboratory (NREL), which was produced from Sigmacell 50 
cellulose using the method of Zhang et al. (24). Nano cellulose, as a 2% solution of cellulose 
microfibrils (1-2 μm long and 5-20 nm in diameter) in water, was kindly provided by 
Innventia (Stockholm, Sweden). Alpha-Cel BH100, Alpha-Cel BH200, JustFiber BF200, 
JustFiber WWF200 were received from the International Fiber Corporation.  
2.2 Sample Preparation and Characterization 
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The mineral content of the cellulose samples was analyzed by inductively coupled 
plasma mass spectrometry (ICP-MS). For the cellulose samples whose mineral content was 
excessive, acid washing or water washing was performed until a sufficiently low mineral 
level was achieved. Scanning electron micrographs (SEM) were obtained using a FEI Quanta 
FE- SEM. DP and crystallinity index for the cellulose samples was determined by gel 
filtration chromatograph (GFC) and X-ray diffraction (XRD), respectively. Experimental 
details are given in the supplementary materials.  
2.3 Pyrolysis 
Fast pyrolysis was performed on a single-shot micropyrolyzer (model 2020iS, 
Frontier Laboratories, Japan). 200-500 μg of sample (unless otherwise noted) was loaded into 
a deactivated stainless steel cup. For analysis, the sample-containing cups were dropped into 
the preheated reaction zone. For a standard experiment, a 500 ◦C pyrolysis temperature was 
used with 100 mL/min of Helium flow as a sweep gas (100:1 split ratio). Volatilized products 
were swept through the reaction zone into the pyrolyzer injection needle (at 320 ◦C), the gas 
chromatograph (GC) injection port (300 ◦C), and finally into the GC column. The GC 
separation was performed using a medium polarity ZB-1701 column (Phenomenex, 86% 
dimethylpolysiloxane, 14% cyanopropylphenyl), and a temperature program which started at 
50 ◦C, heated at 5 ◦C/min to 300 ◦C, and held at 300 ◦C for 5 minutes. Pyrolysis products 
were identified using a mass spectrometer (MS, Varian Saturn 2000) and quantified with a 
flame ionization detector (FID, Bruker 430-GC) after confirmation and calibration with pure 
standards, the details of which can be found in the supplementary materials. A near-infrared 
gas analyzer (DeJaye, Des Moines, USA) was used to quantify CO and CO2 yields, while 
char yields were quantified by taking the difference in weight of the sample cup before and 
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after pyrolysis. Each experiment with error bars was run in triplicate with the error bars 
indicating one standard deviation.  
3 Results and Discussion 
3.1 Estimating the Micropyrolyzer Heating Rate 
Sample heating rates are crucial parameters to evaluate heat transfer limitations inside 
of the pyrolysis reaction system. The rates are controlled by various factors, such as sample 
weight, sweep gas flow rate, pyrolysis temperature, configuration of pyrolyzer, etc. Since 
heating rates are determined by specific experimental conditions, the heating rate calculations 
must be performed for those precise conditions. Several articles calculated the heating rates 
for biomass fast pyrolysis, but failed to consider certain details.
[3, 14] Such as whether the inert 
gas has been heated up to reaction temperature before contacting the biomass, or if the 
heating rate of biomass is higher than the pyrolysis cup. Additionally, the convective heat 
transfer coefficient needed to be determined under experimental conditions. To address these 
issues, a systematic calculation was performed in the current study with a reaction 
temperature of 500 ◦C and a helium flow rate of 103 mL/min.  
Figure 1 shows the configuration of the micropyrolyzer used in the current study. Full 
data for the length scale of the micropyrolyzer and physical properties are given in the 
supplementary information. The convective and radiative heat transfer from the quartz tube 
to the helium were used to calculate the heating rate of the helium. The Nusselt number was 
calculated using the empirical formula for forced convection in laminar pipe flow,
[25] and was 
subsequently used to calculate the convective heat transfer coefficient. It was found that 
under the experimental conditions, the helium only needed 1.2 mm to be heated to reaction 
temperature after entering the furnace zone, which was a much shorter distance than the 
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depth of the cup (Length A in Figure 1). Therefore, the helium reaching the cup and sample 
was at 500 ◦C. Detailed calculations for heating rates, Biot number, and the assumptions 
made during the calculation are shown in the supplementary materials. 
 
Figure 1. Configuration of the micropyrolyzer 
The modes of heat transfer to the cup include both convective heating from the 
helium and radiative heating from the quartz tube. The same empirical formula was applied 
to calculate the Nusselt number considering both the inside and outside of the cup. The initial 
temperature of the cup was taken as 25 ◦C. The temperature versus time plot for the cup 
resulted from a numerical solution of the heat transfer differential equation (Figure 2A). The 
heating rate for the cellulose sample was calculated by assuming the heat transfer was 
primarily due to convective heating from helium instead of conductive heating from the cup. 
For powder cellulose, the average Nusselt number was calculated using the empirical 
formula for a flat plate in laminar flow, since the powder cellulose was located on the bottom 
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of the cup.
[26] The same empirical formula was used for the thin film from powder cellulose 
since the majority of cellulose was located on the bottom of the cup with a thickness around 
100 μm. For the thin film from nano cellulose, a thickness of 2 μm was chosen to represent 
the average length.  
Figure 2 shows the temperature vs. time for the cup, powdered cellulose, and thin 
film cellulose, which found the heating rate of the cellulose was higher than the cup. Figure 
2B and 2C show cellulose samples approached the reaction temperature within 1 s, which is 
less than characteristic reaction time scale of 2.5 to 3 s as predicted by a microkinetic model 
from Vinu and Broadbelt.
[6] Therefore, the calculations supported the conclusion that both 
thin film cellulose and powder cellulose were heated to reaction temperature before the 
pyrolysis reactions were completed.  
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Figure 2. Estimated heating rates in the micropyrolyzer to 500 °C. (A) Heating rate of an 
empty pyrolysis cup. (B) Heating rate of powder cellulose at masses of 250 μg, 300 μg, 400 
μg, 500 μg, 600 μg, and 700 μg. (C) Heating rate of 250 μg of thin film cellulose of either 2 
μm thickness (nano cellulose slurry) or 100 μm thickness (powder cellulose). 
3.2 Effect of Particle Size and Sample Mass  
Cellulose was pelletized using a Carver Inc. pellet press (40,000 lbf for 3 minutes). 
The large cellulose pellet was broken apart and sieved to specified sizes (Figure 3). The 
levoglucosan yield for the commercially available celluloses (20 and 50 μm size particle) was 
similar, 58.4 wt. % and 55.5 wt. %, respectively, and comparable with a previous study.
[4] 
Based on the Tukey honest significant difference test (HSD), as the particle size was 
increased and sample mass was held below 800 μg, there were no significant deviations in 
levoglucosan yield. Even at the largest tested particle size, at over an order of magnitude 
larger (850-1000 μm), there was no significant change in levoglucosan yield.  
If significant heat transfer limitations existed, the particle interior would be at a lower 
temperature than the exterior. When pyrolyzing cellulose at different temperatures, a higher 
levoglucosan yield was found at a relatively lower temperature (Figure 4). As such, a higher 
levoglucosan yield may be anticipated in particles with temperature gradients present. For 
example, if a larger particle underwent pyrolysis while having an exterior temperature close 
to 500 ◦C while the interior temperature was lower, the overall levoglucosan yield should 
have increased. However, as demonstrated in Figure 3 a correlation of particle size within the 
range tested with the levoglucosan yield was not observed  
Heat transfer limitations could also arise if the cellulose sample mass becomes too 
large as a larger sample mass would require a longer heating time to reach pyrolysis 
temperature under heat transfer limitation. This would lead to a portion of the cellulose 
undergoing pyrolysis at lower temperatures. To test for the sample size effect, the cellulose 
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sample mass was increased from the conventional range of 200-500 μg up to 2000 μg (Figure 
5). From comparing the yield of levoglucosan and total GC detectables, it can be seen that 
the yields gradually decreased when the sample mass was increased above 800 μg. Therefore, 
the larger samples seemed to be limited by mass transfer rather than heat transfer since the 
yield of levoglucosan went down instead of up, possible due to the fact that levoglucosan 
could not escape rapidly enough from the reaction zone. The same trend was observed for the 
major LMW products, i.e., methyl glyoxal, glycolaldehyde, or 5-hydromethylfurfural (5- 
HMF), among others. In contrast, the yield of gases, CO and CO2, and char increased when a 
large sample weight (> 1000 μg) was used.  
 
Figure 3. Levoglucosan yield (wt. %) from different particle sizes of cellulose. The 20 and 50 
μm samples are Sigmacell 20 and Sigmacell 50, respectively. The remaining particle sizes 
are from pelletized Sigmacell 50. 
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Figure 4. Comparison of methyl glyoxal, glycolaldehyde, and levoglucosan yields (wt. %) at 
different cellulose pyrolysis temperatures. 
 
Figure 5. Yields (wt. %) of levoglucosan and the total GC detectables (left figure), and 
methyl glyoxal, glycolaldehyde, 5-HMF, cyclic hydroxy lactone, and dianhydro 
glucopyranose (center figure), and char, CO, and CO2 (right figure) from the pyrolysis of 
different masses of cellulose. 
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3.3 Thin Film Cellulose Pyrolysis  
  
Figure 6. SEM-EDS cross sectional images of pyrolysis cup coated with thin film cellulose. 
(A) phase identification of thin film from Sigmacell 50 on the wall; (B) thin film from 
Sigmacell 50 on the wall; (C) thin film from Sigmacell 50 on the bottom; (D) phase 
identification of thin film from nano cellulose on the wall; (E) thin film from nano cellulose 
on the wall; (F) thin film from nano cellulose on the bottom. 
The length scale and compositional identification of thin films made from nano 
cellulose and Sigmacell 50 was measured using SEM (Figure 6). Four compositional regimes 
were identified by EDS: cellulose, epoxy-iodoform, Si-O, and the steel cup (Figure 6A and 
6D). The full details on the EDS result for the phase identification is given in the 
supplementary information. The distribution and morphology of the cellulose within the 
pyrolysis cup was different between Sigmacell 50 and nano cellulose. For the thin film 
prepared from the nano cellulose slurry, a continuous film was observed on the wall of the 
pyrolysis cup with a thickness of several microns (Figure 6D and 6E). A negligible amount 
of cellulose was found at the bottom of the cup (Figure 6F). In contrast, the synthesis 
procedure with the Sigmacell 50 resulted in a thin film with a discontinuous distribution of 
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particles or clumps on the wall instead of a thin film. The thickness of these clumps is also 
several microns (Figure 6A and 6B). Unlike the thin film prepared from the nano cellulose 
slurry, most of the Sigmacell 50 was deposited as a layer at the bottom of the cup with a 
thickness around 100 μm (Figure 6C). The suspended Sigmacell 50 primarily fell out of 
solution and deposited on the bottom of the cup during drying, while the nano cellulose 
slurry had a high enough yield stress to remain on the wall. Therefore, a continuous thin film 
of several microns was only formed using the nano cellulose slurry, while the powdered 
cellulose formed one or several large cellulose agglomerations on the bottom of the cup 
measuring about 4 mm in diameter and 100 μm in thickness. To be consistent, the “thin film” 
from the Sigmacell 50 powder cellulose will be hereinafter referred to as a thin film.  
 
Figure 7. Comparison of major products yields from two different thin-film celluloses and 
powder cellulose (Sigmacell 50) (full product distribution is available in the supplementary 
materials). 
Pyrolysis of the nano cellulose-generated thin film had a similar product distribution 
to Sigmacell 50, the standard powdered cellulose (Figure 7 and Table S6). However, a 
difference was observed when a thin film of Sigmacell 50 (Thin film (made from powder 
cellulose) in Figure 7) was pyrolyzed. For this sample, a higher yield for LMW, furans, gas, 
and char, and a lower yield for levoglucosan was observed. Since all cellulose samples were 
demonstrated to have a negligible amount of metal ions, the difference in product distribution 
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should be attributable to transport limitations. The thin film from the nano cellulose slurry 
was the most likely to be free of mass and heat transfer limitations due to it having the 
smallest length scale with regard to mass transfer and the largest surface area for convective 
heat convection.  
According to the heat transfer calculations, 0.3 s would be needed to heat 250 μg of 
powder cellulose to 500 ◦C (Figure 2B). The results for the nano cellulose and powder 
cellulose thin films would be 0.1 s and 0.6 s, respectively, to attain 500 ◦C (Figure 2C). 
Importantly, the heating time estimations were less than the characteristic reaction time scale 
of 2.5 to 3 s for cellulose fast pyrolysis (6). Moreover, if heat transfer limitations were 
present, part of the cellulose would actually be pyrolyzed at a lower temperature than 500 ◦C, 
which contrary to the actual results would lead to a higher yield for levoglucosan and a lower 
yield for LMW as discussed in the previous section. Therefore, it did not appear that heat 
transfer effects were responsible for the change in the product distribution that was observed.  
Considering the different length scales for these three cellulose samples, mass transfer 
effects could be a cause of the product distribution differences. The thickness of the thin film 
formed from the nano cellulose slurry was shown to be around 2 to 4 μm (Figure 6E). On the 
other hand, the thin film from the powder cellulose formed a large mass covering the bottom 
of the cup with a thickness around 100 μm. The dimension of the powder cellulose was 
approximately 50 μm by 10 μm by 10 μm. The similarity in product distributions between the 
powder cellulose and the nano cellulose thin film suggested that the powder cellulose had 
negligible mass transfer limitations if the proper sample weight was used. For the powder 
cellulose thin film, the sedimentation of the powder and elimination of the void space among 
the cellulose particles during drying led to the formation of a large cellulose clump at the 
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sample cup bottom could have increased mass transfer resistance. However, it should be 
noticed that the change in product distribution for the powder cellulose thin film was not 
consistent with the one observed by excessive sample weight, which led to lower yields for 
both levoglucosan and LMWs/furans.  
3.4 Pathways for Levoglucosan Formation  
During cellulose pyrolysis, once levoglucosan has been formed it may either 
volatilize and escape the high temperature reaction zone or it may further react to form char 
or LMW products. It was shown previously that a thin film of cellulose will produce less 
levoglucosan than powdered cellulose.
[3] The lower levoglucosan yield from thin film 
pyrolysis may be related to its low volatility. The vapor pressure of levoglucosan at room 
temperature (25 ◦C) was estimated to be 9×10
−5
 Pa by extrapolating from the experimental 
values of Oja and Suuberg.
[27] This vapor pressure is significantly lower than another high 
boiling pyrolysis product, 5-HMF (0.08 Pa),
[28] and it is much lower than the vapor pressures 
for key LMW products, namely acetol (500 Pa),
[29] acetone (30,000 Pa),
[30] or glycolaldehyde 
(5 Pa).
[29] In addition, Bai et al. tested levoglucosan volatility by pyrolyzing cellulose in 
covered TGA cups, and it was found that as the pressure inside the cup was increased (by 
using fewer holes in the cup cover), levoglucosan yield was decreased, while oligomer (char) 
yields increased.
[9] Therefore, reduced opportunity for the levoglucosan to volatilize will 
hinder its ability to escape from the reaction zone, and, in turn, it will increasingly form char 
or breakdown to LMW products.  
To examine the extent to which levoglucosan volatility affects its pyrolysis yield in 
the current experimental apparatus, two different experiments were performed. The first 
experiment was similar to that reported in Figure 5 with an increasing mass of powdered 
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levoglucosan from 200 μg up to 2000 μg was pyrolyzed. By increasing the sample mass, the 
partial pressure of levoglucosan within the reaction zone was increased. The second 
experiment involved creating a thin film of levoglucosan (200 μg) on the bottom of the 
pyrolysis cup, thereby creating a high localized partial pressure. In both experiments ∼100% 
of levoglucosan was recovered with negligible degradation to char or LMW products. 
Therefore, these two experiments did not create sufficiently high levoglucosan partial 
pressure to impact its recovery.  
To examine whether a higher levoglucosan partial pressure in the presence of other 
pyrolysis products could lead to degradation, cellulose and levoglucosan were co-pyrolyzed. 
In this experiment, about equal masses of cellulose and levoglucosan (with a total mass <800 
μg) were mixed together and subsequently pyrolyzed. A levoglucosan yield of ∼76 wt. % 
was obtained, equal to ∼100 wt. % yield from the pure levoglucosan and ∼55 wt. % yield 
from cellulose, indicating there was no interaction effects.  
 
Figure 8. Yields (wt. %) of major low molecular weight products, gases, and solids from the 
co-pyrolysis of levoglucosan and char at a 10:1 mass ratio. 
A second set of experiments were performed in which levoglucosan and cellulose 
char were co-pyrolyzed at a ratio of 10:1 LG:char by mass using different sample weights 
(Figure 8). When 600 μg of LG was pyrolyzed with ∼60 μg of char, only about 50 wt. % of 
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the levoglucosan was recovered. A considerable amount of gases, LMW, furans, dehydrated 
pyranose and char were generated at the expense of levoglucosan yield when a large sample 
weight was used. Few secondary products were produced from the co-pyrolysis when the 
levoglucosan weight was less than 300 μg. A negligible amount of secondary products were 
generated when pyrolyzing levoglucosan alone with sample weights ranging from 200 μg to 
800 μg. Therefore, the char appeared to catalyze the decomposition and dehydration of 
levoglucosan into gases, LMW, furans, dehydrated pyranose, and additional char if the 
sample weight of levoglucosan and char was sufficiently large. The catalytic effect of the 
char was also investigated with cellulose. At a mass ratio of 5:1 cellulose:char (500 μg 
cellulose and 100 μg char), the levoglucosan yield decreased to ∼47 wt. % from 55 wt. % for 
the pure case.  
To evaluate secondary reactions from the LMWs and furans, the co-pyrolysis of 
glycolaldehyde dimer and 5-HMF with char was performed using a ratio of 1:1. The 
glycolaldehyde dimer was used due to the lack of commercially available pure 
glycolaldehyde. Previous work showed that glycolaldehyde dimer pyrolysis at 500 ◦C 
generates a single major peak representing glycolaldehyde in the pyrolyzer-GC-MS 
system.
[4] For sample weights less than or equal to 50 μg, almost all of the glycolaldehyde 
dimer was converted into glycolaldehyde. With an increasing sample weight, the yield of 
glycolaldehyde decreased, which was accompanied by the formation of CO and CO2. It was 
not possible to quantify the gas yield when the sample weight is less than 500 μg due to the 
sensitivity of the IR detector. Therefore, the gas yield is only shown for sample weights 
larger than 500 μg. A poor mass balance was obtained for the higher sample weights, 
possibly due to species condensing in the transfer line to the GC column and/or the formation 
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of undetectable gases. Similarly, the formation of CO and CO2 was observed from the co-
pyrolysis of 5-HMF with char for sample weights larger than 500 μg. Additionally, 
secondary char formation was detected, the yield of which increases with increasing sample 
weight. Similar to glycolaldehyde, the yield of 5-HMF decreases with increasing sample 
weight. Therefore, it appeared secondary reactions from LMWs and furans to form CO, CO2, 
and secondary char occurred for higher sample weights in the presence of char.  
 
Figure 9. Primary and secondary reactions during cellulose fast pyrolysis. 
As lower yields of levoglucosan, furans, and LMWs and a higher yield of char and 
gases were observed during the pyrolysis of powder cellulose at higher sample weights, the 
change in yields may be caused by the interaction of levoglucosan, furans and LMWs with 
the primary char, leading to the formation of secondary gases, char, or LMW products 
(Figure 9). The powder cellulose thin film generated a lower yield of levoglucosan and a 
higher yield of gases, LMW, furans, and char, even when relatively low cellulose sample 
weights were used. This result was directionally similar to the impact of char on the 
pyrolysis. For the powder cellulose thin film system, the larger clumps were coupled with 
less void spacing and more intimate contact between the cellulose particles. Therefore, as 
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char was formed during pyrolysis, there may be an increased amount of contact and 
interaction between the pyrolysis vapors, unreacted cellulose, and char within the more 
closely packed system. The increased contact might have enhanced the char forming 
reactions or other degradation reactions. This increased char, gas, and LMW formation 
would come at the expense of levoglucosan and other low volatility products. As a result, GC 
detectable yields would be lower and char yield would be increased, as was seen from the 
experimental data.  
3.5 Effect of Crystallinity, Chain Length, and Feedstock  
Shown in Figure 10 are XRD patterns for a number of cellulose samples. The PASC 
and ball- milled Whatman 542 are clearly amorphous, as demonstrated by the broad peaks 
ranging from 9 to 30 2θ and the absence of characteristic peaks for crystalline cellulose 
(Figure 10). The maximum intensity was around 19.45 2θ, which is consistent with the 
powder diffraction file (PDF) database for amorphous cellulose. The other six cellulose 
samples gave XRD patterns that were similar to cellulose type Iβ (Figure 10). Five 
characteristic peaks or peak shoulders, with crystal lattice assignments of ( ̄101), (101), 
(021), (002), and (003) or (040), were found for all six of these celluloses.  
Many studies have used the crystallinity index to quantitatively describe the degree of 
crystallinity, but some authors have suggested that the crystallinity index for a specific 
sample could be different if alternative methodologies are used.
[31,32] Therefore, consistent 
methodologies should be applied to compare crystallinity of different celluloses. In the 
current study, three methods were applied to calculate the crystallinity of each cellulose 
sample, including the peak height ratio and two different peak area ratios. 
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Figure 10. XRD patterns for different celluloses. (a) comparison of sigmacell 20 with two 
amorphous celluloses; (b) comparison of six crystalline celluloses. 
Table 1. Crystallinity of cellulose samples calculated by three different methods from XRD. 
 Crystallinity 
(peak height) 
Crystallinity 
(peak area
a
) 
Crystallinity 
(peak area
b
) 
Sigmacell 20 80.4 48.1 58.0 
Avicel PH-101 78.9 47.3 57.7 
Alpha-Cel BH100 64.7 36.2 47.8 
Alpha-Cel BH200 65.0 37.4 45.8 
BF 200 65.1 36.9 45.7 
WWF 200 61.5 33.9 42.1 
PASC 0 
Whatman 542, ball milled 0 
a, by removing air-scattering curve; b, by removing background 
 
The absolute crystallinity values were different for different calculation methods 
(Table 1), but were consistent when compared within the same method. The DP of different 
celluloses was measured by GFC unless otherwise mentioned (Table 2). As shown in Tables 
1 and 2 the eight cellulose samples covered a wide range of crystallinity and DP, which 
provides a good basis for evaluating their influence during fast pyrolysis.  
Table 2. Degree of Polymerization for different types of cellulose. 
Cellulose  
type 
Sigmacell 
 
Avicel  
PH-101 
BH 
100 
BH 
200 
BF 
200 
WWF 
200 
PASC 
 
Ball 
milled 
DPw
a
 1871
b
 241
c
 1341 1401 858 858 1712 1334 
a, from weight average molecular weight; b, measured in NREL; c, courtesy of Sigma-
Aldrich 
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Figure 11. Parity plots comparing the product distributions between Sigmacell 50 and seven 
other celluloses. 
The fast pyrolysis of the different powder celluloses was performed at 500 ◦C and a 
sample weight of 500 μg to investigate the primary reactions in fast pyrolysis. The particle 
size for each cellulose sample was controlled to around 50 μm. Avicel PH 101, BH 100, BH 
200, BF 200, and WWF 200 were used as received since the original size is close to 50 μm 
and the PASC and ball milled Whatman 542 had to be sieved to obtain 50 μm particles. The 
product gases, char, and thirty two GC-detectable compounds were identified and quantified. 
Shown in Figure 11 are parity plots comparing the yields of the quantified pyrolysis products 
for the celluloses referenced to Sigmacell 50.
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As can be seen in the figure, the different celluloses had very similar pyrolysis 
product distributions to that of Sigmacell 50. From these parity plots it was evident that the 
pyrolysis product yields from the eight types of cellulose were quite similar, despite the 
differences in the feedstock source, crystallinity, and DP (Table S9). The Tukey honest 
significant difference (HSD) test was also used to determine whether the product yields from 
different celluloses were significantly different or not. The results (Table S10) suggested a 
statistically equivalent yields for nearly all of the pairwise comparisons among different 
celluloses, which demonstrated the crystallinity index, DP and feedstock type had a 
negligible influence on the resulting product distributions. Whether the cellulose sequence 
was arranged by crystallinity, DP, or feedstock source, no trend could be found in the yields 
of a single product, further demonstrating that variation in the crystallinity, DP, or feedstock 
source does not impact the primary reaction chemistry.  
The theoretical water yield was calculated using the stoichiometric amount released 
from the generation of the dehydration products, such as levoglucosan, furfural, dianhydro 
xylopyranose (DAXP), 5-HMF, dianhydro glucopyranose, char, etc. For this calculation, the 
char was assumed to be pure carbon since the elemental analysis on cellulose derived char 
showed an approximate molecular formula of CH
0.22
O
0.09
. The unaccounted portion in the 
mass balance was most likely due to three sources: 1) low yields of unidentified products in 
the GC chromatograph, 2) condensed species in the transfer line to the GC column, and 3) 
non condensable gases which could not be detected by the IR-gas analyzer, such as hydrogen 
and light alkanes.  
The glycosidic bonds between glucose units and the hydrogen bonds between 
hydroxyl groups dictate the degree of crystallization for cellulose.
[16] The structure of the 
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crystalline region in cellulose has been proposed to be laterally ordered sheets with a 
threefold anisotropy.
[33] Van der Waals forces exist perpendicular to these ordered sheets, 
which further favors the formation of a highly-ordered crystalline lattice. In contrast, the 
extent of hydrogen bonding and van der Waals attraction is significantly less in the 
amorphous region of cellulose. The carefully controlled hydrolysis used in producing Avicel 
helps to remove the amorphous portion existing in the starting substrate. While for PASC, the 
hydrogen bonding network and interlaminar van der Waals forces were disrupted during the 
swelling process, leading to a smaller crystalline region and a higher degree of imperfection 
in the amorphous region. It is well known that the ball milling process can produce 
amorphous cellulose, which was found from crystallinity measurements on ball-milled 
Whatman 542.  
It has been proposed that the primary reactions in the fast pyrolysis of cellulose 
consist of competitive pathways.
[4,6] In these pathways, glycosidic bond cleavage favors the 
formation of levoglucosan, while fragmentation of carbon-carbon bonds in the glucosyl ring 
favor formation of C1 to C3 low molecular weight compounds. The important question 
explored here was whether the presence of hydrogen bonding and van der Waals forces can 
perturb this reaction network. It has been speculated by some that the energy required for 
bond cleavage could be lower for amorphous cellulose than crystalline cellulose. However, it 
is important to note that the dissociation energy for the glycosidic bond is around 80 kcal/mol 
while the energies for hydrogen bonding and van der Waals force are expected to be about 5 
kcal/mol and 2-3 kcal/mol, respectively, making the dissociation energy of H-bonds or van 
der Waals forces smaller by an order of magnitude relative to the glycosidic bonds.
[16] As 
such, the fast pyrolysis conditions of 500 ◦C with heating rates of about 1000 ◦C/s appeared 
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to give facile breakage of the hydrogen bonds and van der Waals forces, leading to their 
presence having at best a weak role in influencing the final product distribution. Kim et al. 
reported that the degree of crystallinity might be an important factor affecting heat transfer 
during the thermal decomposition of cellulose since it influenced the initial decomposition 
temperature.
[21] However, heat transfer issues would not be expected to be important in the 
current study as the reaction system being used was demonstrated to be free of any 
significant heat transfer or mass transfer effects.
[4]  
 
Figure 12. Pyrolytic formation of levoglucosan from glucose-based carbohydrates with 
different chain lengths.
[4,5]
 
Regarding the DP, previous work had shown that the yield of levoglucosan from fast 
pyrolysis had the following trend: polysaccharides > oligosaccharides > disaccharides > 
monosaccharide.
[4] This trend was consistent with the proposed thermal deconstruction 
mechanism in which cleavage of an internal glycosidic bond forms a levoglucosyl end group 
and a chain with a non-reducing carbohydrate end. In contrast, if the glycosidic bond 
cleavage occurs at the reducing end group in the polysaccharide chain, a chain is created with 
a levoglucosyl end group and one reducing sugar monomer is released. Subsequent cleavage 
42 
 
propagation from the levoglucosyl end of this chain will liberate levoglucosan (Figure 12) (4-
6). This propagation continues down the polysaccharide chain releasing levoglucosan. There- 
fore, initial cleavage at the end would release only one reducing sugar. Previous studies have 
also shown that glucose only generates around 10 wt. % of levoglucosan during its primary 
fast pyrolysis, since the dehydration of glucose to form levoglucosan is less kinetically and/or 
thermodynamically favored. Taken together, the formation of levoglucosan should be 
inversely proportional to amount of reducing sugars formed during fast pyrolysis.  
The weight percentage of reducing sugar in saccharides has been defined as the 
dextrose equivalent and this value for glucose, cellobiose, and maltohexaose is 100%, 52% 
and 18.2%, respectively. For cellulose, this value would approach zero since the DPs of all 
celluloses are much higher than for the short chain oligosaccharides. Given the relatively 
long polysaccharide chains in any type of cellulose, only minimal differences in dextrose 
equivalents would be observed among celluloses with different DP. As a result, the end 
effect, which liberates the reducing end group thereby diminishing the formation of 
levoglucosan, would be negligible for different types of celluloses and no difference in the 
pyrolytic yield of levoglucosan would be expected. Therefore, this mechanism could suggest 
that the evolution of levoglucosan would not be affected by the different DPs of glucose-
based polysaccharides, which was consistent with the experimental results.  
4 Conclusions 
Primary reactions and secondary effects for cellulose fast pyrolysis were investigated 
in an online micropyrolyzer-GC-MS/FID system by varying sample weight, particle size, and 
morphology of cellulose sample. Prior to pyrolysis, all cellulose samples were proven to be 
essentially mineral-free. Heating rate calculations suggested that negligible heat transfer 
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limitation for the cellulose pyrolysis system when an appropriate sample weight was used 
(<800 μg). It was found that mass transfer limitations dominated when excessive sample 
weight or sample particle length scale were applied, leading to a higher yield of gases and 
char and a lower yield of levoglucosan. That is, a greater amount of secondary reactions were 
observed for sample masses >800 μg and for when the large powder cellulose domains were 
pyrolyzed. The changes in LMWs and furans yields observed for these cases could be 
attributed to different extents of secondary reactions. The mass transfer effects associated 
with secondary reactions were also observed when model compounds were co-pyrolyzed 
with char, which acted as a catalyst for secondary reactions. The secondary reactions include 
secondary char and gas formation from volatile products and decomposition and dehydration 
of levoglucosan into LMWs, furans, and dehydrated pyranose.  
Fast pyrolysis of eight types of powder cellulose with different crystallinities, DPs, 
and feedstock sources was performed under well controlled sample weight and particle size 
conditions. High mass balance closures were achieved for each case. Similar product 
distributions were observed for all eight types of cellulose, demonstrating that the primary 
reactions in the fast pyrolysis of cellulose were not affected by crystallinity, DP, or 
feedstock. The results suggested that H-bonding and van der Waals forces do not play a 
significant role in the primary reactions of cellulose thermal deconstruction under fast 
pyrolysis conditions.  
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Supporting Information for: Chapter 2 
S1 Sample Preparation and Characterization 
S1.1 Metal ion content and ICP-MS 
The mineral content of the cellulose samples was analyzed by inductively coupled 
plasma mass spectrometry (ICP-MS). For ICP-MS, around 100 mg of the sample was 
mixed with 10 mL of concentrated nitric acid in a 25 mL digestion tube.  The tube was 
sealed and exposed to a pressurized heating program in a microwave.  The program was as 
follows: 1) 40 psi for 6 minutes, 2) 85 psi for 6 minutes, and 3) 140 psi for 10 minutes. 
Afterwards, the solution was diluted by removing 1 g to mix with 30 mL of 1 wt.% nitric 
acid. The metal ion concentrations were determined by ICP-MS with appropriate dilution 
factor. 
The metal ion content for Sigmacell 20 and 50 cellulose has been shown previously 
to be sufficiently low as to not influence the pyrolysis product distribution.1 The Avicel 
and Whatman 542 celluloses were also found to contain acceptably low metal ion contents. 
However, demineralization was needed to be performed for the PASC, nanocellulose, 
BH100, BH200, BF200 and WWF200 samples due to their high metal ion content (Table 
S3). 
The nanocellulose, BH100, BH200, BF200 and WWF200 were acid washed with 
the same method as Patwardhan et al.2 The PASC was only water washed before pyrolysis 
because of its high metal content as determined by ICP-MS. To preserve the original 
structure of PASC, deionized (DI) water only was used instead of a hydrochloric acid 
aqueous solution. Approximately 1 g of dry PASC was mixed with 50 mL of DI water 
under vigorous stirring for 15 minutes.   Afterwards, the solution was centrifuged and the 
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solid was washed again with DI water using the same procedure. After three consecutive 
washings, the solid was dried in an oven at 40 °C. 
S1.2 Thin film preparation and SEM 
Thin film cellulose samples were made from each the nanocellulose slurry and the 
Sigmacell 50. To prepare the former, the nanocellulose slurry was transferred to pyrolysis 
sample cup by coating the inner wall. Then, the coated cup was vacuum dried at 40 °C. 
The thin film cellulose from Sigmacell 50 was prepared using the method described by 
Mettler et al.3 Briefly, a suspension of Sigmacell 50 in water was added to the pyrolysis 
and then dried under vacuum. 
Scanning electron micrographs (SEM) of the materials were obtained using a FEI 
Quanta FE-SEM. The SEM was coupled with energy dispersive X-ray spectroscopy 
(EDS, Aztec, Ox- ford Instruments) with an X-max 80-mm2 detector.  The coated sample 
cups were embedded in epoxy to prepare cross sections in the longitudinal and transverse 
directions.  The epoxy was doped with about 15 wt. % iodoform to raise the average 
atomic number of the epoxy above that of the cellulose.  Since normal epoxy and cellulose 
are very similar in composition and hence in atomic number, it is difficult to differentiate 
between the two phases in backscattered electron imaging in which brightness depends on 
atomic number.  Cellulose is somewhat distinguishable in secondary electron imaging 
since it is of different hardness than the epoxy.  Hardened epoxy pellets were ground to 
the proper section depth using silicon carbide paper starting with 180-grit and proceeding 
through 1200-grit.  Samples were then polished using 1 µm diamond slurry. Samples were 
coated with iridium (Ir) with a thickness of 2 nm to present a conductive surface. 
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S1.3 Degree of polymerization and crystallinity index determination 
Gel filtration chromatograph (GFC) analysis was performed using a Dionex 
Ultimate 3000 (Sunnyvale, CA) HPLC system equipped with a Shodex Refractive Index 
(RI) detector.  Two Agilent PL aquagel-OH columns (p/n PL1120-6520) were used in 
series with a flow rate of eluent DI water at 1 mL/min and temperature of 25 °C. 
Polyethylene glycol was used as the GFC standard. 4-Methylmorpholine N-oxide was 
used as solvent for cellulose. 
Crystallinity measurements were determined from X-ray diffraction (XRD) using a 
Siemens D 500 X-ray diffractometer at room temperature with CuK radiation. The X-ray 
tube was operated at 45 kV and 30 mA and a medium resolution detector slit of 0.15 was 
used for all scans.  Specimens were scanned from 5 to 50 2θ with a step size of 0.05 
degrees and a count time of three seconds per step.  Tested specimens were prepared by 
back-loading the samples into sample holders with a diameter of 25 mm.  To collect the 
“air-scattering curve for the sample holder, another run was made without the cellulose 
sample. Three methods were used to calculate crystallinity index for cellulose samples.  For 
the peak height method, the height difference between the (002) and the amorphous peaks 
was divided by the height of the (002) peak to obtain the crystallinity index.  For the 
method of peak area by removing air-scattering, the air-scattering curve was subtracted 
from the original XRD curve.  For the method of peak area by removing the background, 
the background of the measurement was subtracted from the original XRD curve.  Then, 
the peak area for the crystalline peaks was summed and then divided by the overall peak 
area to obtain the crystallinity. 
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S2 Heat Transfer Calculation in the Micropyrolyzer System 
 
Figure S1: Conﬁguration of the micropyrolyzer furnace with sample cup. 
  
  
5
1
 
Table S1. Nomenclature and values for calculating heat transfer rates in the micropyrolyzer system. 
Symbol Meaning Value or unit 
ρHe (273k) density of He at 273 k 1.786 kg m
-3 
[4] 
ρcup density of cup 8000 kg m
-3
[4] 
ρture cellulose ture density of cellulose 1500 kg m
-3 
[5] 
ρbulk cellulose bulk density of cellulose powder 300 kg m
-3 
* 
CP He heat capacity of helium 5193.2 J kg
-1
 K
-1 
[4] 
Cp cellulose (350K) heat capacity of cellulose at 350 K 1300 J kg
-1
 K
-1 
[6] 
Cp cup heat capacity of cup 450 J kg
-1
 K
-1 
[4] 
µHe (773K) viscosity of He at 773 K 0.000039 Pa s [7] 
µHe (573K) viscosity of He at 573 K 0.000031 Pa s [7] 
µb viscosity of fluid at its average bulk temperature Pa s 
µw viscosity of fluid at wall temperature Pa s 
kHe (500K) thermal conductivity of He at 500 K 0.2223 W m
-1
 K
-1 
[8] 
kcellulose thermal conductivity of cellulose 0.2426 W m
-1
 K
-1 
[9] 
kcup (498K) thermal conductivity of cup at 498 K 19 W m
-1
 K
-1 
[4] 
dtube inner diameter of quartz reaction tube 0.0048 m * 
dcup inner diameter of cup 0.004 m * 
ɛquartz emissivity of quartz 0.93 [4] 
σ0 Stefan–Boltzmann constant 5.67*10
-8
 W m
-2
 K
-4
 
ϕ12 view factor 1 
α thermal diffusivity m2 s-1 
h heat transfer coefficient W m
-2
 K
-1
 
m mass kg 
T temperature K 
t time s 
LC characteristic length m 
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Table S1. Nomenclature and values for calculating heat transfer rates in the micropyrolyzer system. 
Symbol Meaning Value or unit 
v linear velocity of He m s
-1
 
A area m
2
 
ΔE erengy needed for heating J 
*, measured by experiment 
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The configuration of reactor center and all symbols in the following equations are 
shown in Figure S1 and Table S1, respectively.  The heat transfer for helium, the sample 
cup and cellulose was calculated at in situ experiment conditions.  The helium from the top 
of the furnace  to the upper  edge of the sample  cup,  represented  by length  A in Figure  
S1, was used as the control volume to perform an energy balance calculation  to determine  
whether the helium in the control  volume could be heated  up to 500 °C within  the time  of 
helium passing through section A. The heating source for helium included convection and 
radiation from the quartz tube. The helium flow rate was kept at 103 mL/min during all 
experiments. The equations (1) - (8) and three boundary conditions, (9) - (11), were used to 
estimate the distance needed for helium to reach 500 °C. The ideal gas law was assumed for 
calculating density and linear velocity of the helium.  The Re number calculation suggested 
laminar flow so the empirical formula for forced convection in laminar pipe flow (equation 
3) being used to calculate Nu.  For equations (5) and (6), 523 K was used as the average 
temperature for THe. The result demonstrated that approximately 1.2 mm was needed for the 
helium to heat to 500  C, which is much less than the length of section A, suggesting that 
helium should be heated to 500 °C when it reaches the sample cup. 
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For heat transfer to the cup, heat convection from the helium flow and radiation 
from the quartz tube were considered.  The convection included both inside and outside of 
the cup. Similarly, the empirical formula for forced convection in laminar pipe flow was 
used for Nu estimation due to the value of Re number. The heat convection coefficient was 
calculated using equation (12) - (18). The differential equations of (19) - (21) with two 
boundary conditions, (22) and (23), were used to obtain a numerical solution of Tcup over 
time. The ode45 Matlab function was used to obtain the numerical solution. 
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t
pcup cup cup cup convection radiation
0
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To calculate heating rates for cellulose, convective heat transfer from helium was 
assumed to be the main heating  source as the previous calculation  showed helium was 
heated  up to 500 °C before it reached the cellulose. The flow pattern of helium inside of 
the sample cup was assumed to be as shown in figure S1 with a similar linear velocity as in 
the upper tube. Based on the value of Re, the empirical formula for laminar flow over a flat 
plate was used to calculate the average Nu for powder cellulose and the thin film from 
powder cellulose. For the thin film from nanocellulose, the empirical formula for forced 
convection in laminar pipe flow was used to calculate Nu, because the nanocellulose thin 
film was predominately on the wall of the cup instead of concentrated at the bottom.  
Moreover, a spherical shape was assumed for powder cellulose and a rectangular shape was 
assumed for the thin film from powder cellulose and nanocellulose. Next, the area for heat 
convection was calculated based on the shape assumptions. For the thin film from 
nanocellulose, an average thickness of 2 µm and the true density of cellulose was used to 
calculate the area which was proportional to the sample weight.  For the thin film from 
powder cellulose, the longitudinal cross sectional area of the cup was used as the area for 
convection. Equations  (24), (26), (27), and (29) were used to calculate the heat transfer 
coefficient for powder cellulose and the thin film from powder cellulose, while equations 
(25), (26), (28), and (30) were used to calculate the heat transfer coefficient for the thin 
film from nanocellulose. The differential equations (31) and (32) and two boundary 
conditions, (34) and (35), were used to calculate Tcellulose over time by assuming a 
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uniform temperature profile inside of the cellulose samples during heating. 
The results show the cellulose heating rates were higher than the cup. The thermal 
contact conductance between cellulose and cup was not considered in the current 
calculation due to lack of a thermal conduction coefficient between cellulose and the cup. 
Instead, thermal diffusivity (α) was used to compare the ability to conduct thermal energy 
versus the ability to store thermal energy between the cellulose and sample cup. According 
to equation (37) and (38), αcellulose is an order of magnitude lower than αcup, suggesting 
the cellulose has a much stronger ability to store thermal energy instead of conducting heat 
compared to the cup. Therefore, it is possible that for the cellulose, the thermal energy 
received from the helium was mainly stored instead of conducted to the cup. Equation (36) 
was used to calculate Bi for cellulose with different shapes and sample weights. The values 
are shown in Table S2. For thin film cellulose, LC is the thickness of cellulose samples 
determined by SEM analysis.  For powder cellulose, LC was calculated by using the 
sample weight, cross sectional area of the cup, and bulk density of the cellulose. Bi was 
smaller than 0.1 for all cellulose samples within the tested range, thereby supporting the 
assumption of uniform temperature within the cellulose samples. 
He
l
He
*v*l
Re



         (24) 
He cup
in
He
*v*d
Re



         (25) 
pHe He
He
C *
Pr
k

          (26) 
1/2 1/3
l lNu 0.664*Re *Pr         (27) 
cup1/3 1/3 0.14b
in in
w
d
Nu 1.86*(Re *Pr) *( ) *( )
l



      (28) 
l HeNu *kh
l
           (29) 
57 
 
in He
in
cup
Nu *k
h
d
          (30) 
convection gas cellQ h*A*(T T )          (31) 
convection in gas celluloseQ h *A*(T T )         (32) 
t
pcellulose cellulose cellulose cellulose convection
0
C *m *(T T (0)) Q dt       (33) 
celluloseT (0) 298k          (34) 
gasT 773k           (35) 
C
cellulose
h *L
Bi
k
           (36) 
cellulose
cellulose
cellulose pcellulose
k
*C
 

        (37) 
cup
cup
cup pcup
k
*C
 

         (38) 
 
Table S2. Biot number for different cellulose samples under pyrolysis conditions 
Sample Weight (mg) Biot Number 
Powder Cellulose 
0.250 0.035 
0.300 0.042 
0.400 0.056 
0.500 0.069 
0.600 0.083 
0.700 0.097 
Nanocellulose Thin Film   
- 0.001 
Powder Cellulose Thin Film 
- 0.052 
 
S3 Sample Characterization Results 
In the current study, the char was produced by fast pyrolysis of Sigmacell 50 in the 
micropyrolyzer at 500 °C. The surface area of the char is about 200 m
2
/g and primarily has 
a microporous structure. The mineral content is higher than for Sigmacell 50 since most 
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minerals will not be volatile and be contained in the char after pyrolysis (Table S3). The 
mineral content in the char is still sufficiently low to exclude the catalytic effects from 
metal ions. 
Table S3. Mineral ion content of the cellulose and cellulose char samples
a
 
Cellulose type Na Mg Al Mn Cu Zn K Ca Fe 
Sigmacell 13 <5 7 - - - <3 <3 24 
Avicel (PH-101) 9.3 4.2 1.9 <.05 <2.5 <.01 <15 2.2 <1 
Whatman 542, ball milled
b
 8 0.7 1 0.05 0.2 0.3 0.6 8 3 
AW Alpha-Cel BH100
c
 9 15 10 - - - 30 19 28 
AW Alpha-Cel BH200 11 3 8 - - - 4 17 20 
AW BF 200 5 4 30 - - - 13 20 15 
AW WWF 200 16 8 6 - - - 25 13 10 
WW PASC
d
 26.7 0.7 3.4 <.05 3.4 1.0 40.1 5.2 5.3 
Sigmacell 50 char 72 <10 35 - - - <10 <10 95 
a, all numbers are in ppm. b, from provider. c, AW: acid washed. d, WW: water washed. 
 
 
Figure S2. Comparison of EDS from different phases as shown in Figure 6A.  
X-ray spectra of cellulose show primarily C and O. H is not detectable by this 
technique. Ir is from the coating and is present for all phases. Comparing to cellulose, the 
epoxy shows a similar level of C and O but with a lower C: O ratio. Epoxy also shows a 
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small iodine peak from the doping and a small Cl peak which is normal for many epoxies. 
The gray layer on the surface of the cup contains Si and O. The steel cup base material 
contains Fe, Cr, Ni, and Si, which is typical for a stainless steel.  
S4 Pyrolysis Product Identification and Quantification 
A mass spectrometer (MS, Saturn 2000) was used for production identification, with 
the help of the NIST library database. The chemical identities were then verified by running 
their standards for retention time comparison. In the current work, all the pure chemicals 
used for peak confirmation were purchased from Sigma-Aldrich (US). Standard solutions 
were prepared by dissolving the identified chemicals in acetone at 4 different concentrations. 
Calibration for levoglucosan was performed through the micopyrolyzer-GC-FID system with 
a pyrolysis temperature of 500 
O
C.  Glycolaldehyde dimer was used for calibration of 
glycolaldehyde by pyrolyzing the dimer at 500 
O
C, the product of which resulted in a single 
peak in the chromatogram proven to be glycolaldehyde by MS. The residence time and 
chemical structure of cyclic hydroxy lactone was determined by comparing the 
chromatograph and corresponding MS spectrum with the work of Fabbri et al.
[10]
 For 
dianhydro-xylose (DAXP 2 and the other DAXP 2), a calibration curve of a similar 
compound, 4-hydroxy-5-methyl-3-furanone, was used to determine their yields as they had 
the same molecular weight. The calibration curve of levoglucosan was used as a proxy to the 
estimate yield of 1,4:3,6-α-d-dianhydro-glucopyranose, cyclic hydroxyl lactone, C6H8O4_1 
to 3, other anhydro-xylopyranose (other AXP), dianhydro-glucopyranose and levoglucosan-
furanose.
[2]
 Duplicate runs with all of the standard solutions led to eight-point linear 
calibration curves (with R
2≥0.95) for each product. For CO and CO2 measurement, a De-Jaye 
gas analyzer with an infrared (IR) detector was connected to the split line prior to the GC 
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column. The time dependent gas concentration was recorded to calculate the gas yield. The 
char yield was obtained by weight difference of the sample cup before and after pyrolysis 
with a Mettler Toledo microbalance. A sample weight ranging from 500 µg to 800 µg was 
used for gas and char measurement to meet the sensitivity of the IR detector and overcome 
experimental error raised by char transfer and measuring. 
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Table S2:  Identified products from fast pyrolysis of cellulose. 
Compound Molecular 
weight (Da) 
Retention 
time (min) 
Major ion fragments [m/z (rel. height)] Notes 
Carbon Monoxide 28 - Detected by IR - 
Carbon Dioxide 44 - Detected by IR - 
Formaldehyde 30 4.95 30(999) a 
Acetaldehyde 44 5.34 44(999) 43(384) ac 
Furan 68 5.94 68(999) 39(328) ac 
Acrolein 56 6.23 66(699) 56(816) 55(999) ac 
Acetone 58 6.38 58(561) 43(999) ac 
Methyl Glyoxal 72 6.48 58(561) 43(999) a 
2-Methylfuran 82 7.43 82(999) 81(574) 53(519) ac 
Methyl Vinyl Ketone 70 8.74 70(229) 55(999) 43(523) 27(323) a 
Glycolaldehyde 60 9.22 60(244) 32(357) 31(999) ac 
Acetic Acid 60 10.52 60(999) 45(840) 43(893) ac 
Acetol 74 11.64 74(201) 43(999) ac 
MW 86 86 16.11 84(803) 54(999) 26(397) bc 
Furfural 96 17.19 96(999) 95(986) 39(367) ac 
2-Furan Methanol 98 18.59 98(999) 81(676) 70(720) 69(602) 41(527) ac 
3-Furan Methanol 98 19.07 98(999) 81(552) 69(592) ac 
MW 102 102 20.42 102(110) 74(252) 44(999) 43(720) bc 
2-Hydroxycyclopent-2-en-1-one 98 20.89 98(999) 69(545) 55(777) ac 
5-Methyl Furfural 110 21.77 110(999) 109(878) 53(724) ac 
2(5H)-Furanone 84 22.47 84(514) 55(999) a 
MW 114 Dianhydroxylopyranose (DAXP)2 114 23.25 114(975) 58(999) 30(516) 29(653) bc 
Methyl Cyclopentenolone 112 24.03 112(839) 84(687) 55(999) ac 
Other DAXP 2 - 25.42 128(409) 44(394) 43(999) b 
Levoglucosenone 126 28.02 98(999) 96(791) 68(949) 53(797) 39(909) bc 
Cyclic Hydroxy Lactone 144 30.54 57(509) 43(999) 41(825) d 
1,4,3,6-α-D-Dianhydroglucopyranose (DAGP) 144 31.39 70(239) 69(999) 57(302) bc 
HMF 126 32.89 97(999) 69(617) 41(507) ac 
1,5-anhydro-4-deoxy-D-glucerohex-1-en-3-ulose - 34.77 144(963) 87(999) 29(986) bc 
Other AXP  - 35.19 57(999) 43(398) 29(454) bc 
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Table S2:  Identified products from fast pyrolysis of cellulose. 
Compound Molecular 
weight (Da) 
Retention 
time (min) 
Major ion fragments [m/z (rel. height)] Notes 
Levoglucosan 162 41.5 73(386) 70(196) 60(999) 57(360) ac 
Levoglucosan-Furanose 162 44.4 73(999) 69(356) 61(185) bc 
a, Confirmed by mass spectroscopy and retention time analysis. b, Confirmed by mass spectroscopy only. c, Confirmed 
previously by Patwardhan et. al.
[2]
 d, based on retention time and molecular weight analysis from Fabbri et. al.
[10]
 e, Confirmed 
previously by Shafizadeh et. al.
[11]
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S5 HPLC for Cellulose Derived Bio-oil 
 
 
Figure S3. Chromatograph for cellulose derived bio-oil 
To further understand primary reaction pathways, the cellulose derived products 
from micropyrolysis were collected in a GC vial filled with DI water.  Pyrolysis of 
Sigmacell 50 was performed in the micropyrolyzer at 500 °C with controlled sample 
weight and sample size. The water soluble condensed products were analyzed by HPLC to 
check for the existence of disaccharides, which might be formed either by direct 
fragmentation from cellulose or dimerization from levoglucosan. The HPLC was equipped 
with a refractive index (RI) detector, which was capable of characterizing non-volatile and 
semi-volatile sugars. The columns consisted of two Bio-Rad Aminex HPX-87P columns 
and a guard column. During analysis, the column temperature was kept at 75 °C and a flow 
rate of 0.6 mL/min for 18.2 MΩ cm distilled water was used.  The  RI detector  was 
calibrated  with  sugar standards, including levoglucosan, cellobiosan, xylose, and  
maltosan,  which were diluted  by DI water  into  five concentrations ranging  from 0 to 10 
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mg/mL.  For the calibration standards, levoglucosan, cellobiosan and maltosan were 
purchased from Carbosynth and xylose was purchased from Thermo Fisher Scientific. The 
calibration for major products from cellulose fast pyrolysis was also performed by using 
the standards from Sigma-Aldrich.  The collected water soluble condensed products were 
well mixed by using a vortex mixer for 20 minutes and then filtered through a Whatman 
0.45 µm glass microfiber filter. The filtrate was injected into the HPLC with a volume of 
25 µL. 
Figure S3 shows major peaks for HPLC chromatograph for the bio-oil collected from 
cellulose fast pyrolysis in micropyrolyzer. Calibration results show the retention time for 
cellobiosan and maltosan is 25 min and 30 min, respectively. However, no apparent peaks 
were shown at either retention time in figure S3. This, combining with 93 wt.% mass balance 
closure for Sigmacell in micropyrolyzer-GC system, suggests that negligible amount of 
cellobiosan or maltosan is produced during primary reactions. Therefore, there is no evidence 
for the formation of dimers in the course of primary reactions based on the current study.   
Co-pyrolysis of powder cellulose and levoglucosan was performed for different 
sample weights to evaluate whether there was an interaction between levoglucosan and other 
cellulose derived products.  The sample weight of the mixture was around 600 µg and two 
weight ratios for cellulose over levoglucosan of 1.3 and 1 were used.  As shown in Table S7, 
the yield of levoglucosan was consistent with the superposition result for the two reactants.  
Moreover, the yield for other products was similar to their yield from pure Sigmacell. The 
results suggested that there were negligible secondary reaction between levoglucosan and 
other products during fast pyrolysis of powder cellulose as long as the sample weight was not 
too high.    
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S6 Detail Product Distribution 
Table S5. Volatile product distribution for fast pyrolysis of Sigmacell with different sample weights. All numbers are in wt.%. 
Name of product 
 
0.2mg 
 
Std.  
Dev. 
0.5mg 
 
Std.  
Dev. 
0.8mg 
 
Std.  
Dev. 
1.1mg 
 
Std.  
Dev. 
1.35mg 
 
Std.  
Dev. 
2.0mg 
 
Std.  
Dev. 
Formaldehyde 0.18 0.00 0.18 0.01 0.17 0.02 0.16 0.01 0.27 0.26 0.04 0.00 
Acetaldehyde  0.73 0.17 0.58 0.02 0.56 0.06 0.58 0.08 0.48 0.19 0.11 0.02 
Furan 0.07 0.00 0.07 0.01 0.07 0.00 0.08 0.00 0.07 0.02 0.02 0.00 
Propenal 0.17 0.00 0.17 0.01 0.16 0.02 0.16 0.01 0.13 0.05 0.02 0.01 
Acetone 0.06 0.02 0.04 0.00 0.04 0.01 0.05 0.00 0.04 0.02 0.01 0.01 
Methyl glyoxal 1.17 0.27 1.02 0.04 0.85 0.07 0.82 0.06 0.55 0.08 0.12 0.03 
2-methyl furan 0.04 0.01 0.04 0.00 0.04 0.01 0.04 0.00 0.04 0.01 0.01 0.01 
Methyl vinyl ketone  0.31 0.01 0.32 0.02 0.29 0.03 0.29 0.01 0.23 0.09 0.05 0.03 
Glycolaldehyde 7.57 0.81 7.16 0.40 6.30 0.23 5.96 0.30 4.14 0.44 1.29 0.23 
Acetic acid 0.27 0.20 0.25 0.01 0.26 0.07 0.30 0.00 0.25 0.02 0.05 0.03 
Acetol 0.46 0.21 0.36 0.03 0.29 0.04 0.33 0.02 0.21 0.01 0.06 0.03 
MW 86 0.27 0.01 0.26 0.04 0.28 0.02 0.29 0.00 0.27 0.05 0.05 0.01 
Furfural 0.34 0.04 0.33 0.02 0.37 0.02 0.39 0.01 0.37 0.03 0.11 0.04 
2 furanmethanol 0.07 0.02 0.07 0.01 0.07 0.01 0.07 0.00 0.05 0.01 0.01 0.01 
3 furanmethanol 0.05 0.02 0.04 0.00 0.04 0.00 0.05 0.00 0.03 0.01 0.01 0.00 
2-hydroxy cyclopent- 
2-en-1-one 0.30 0.01 0.29 0.01 0.29 0.04 0.31 0.03 0.23 0.06 0.05 0.02 
5-methyl furfural 0.06 0.01 0.05 0.00 0.06 0.00 0.06 0.00 0.05 0.01 0.01 0.00 
2(5H) furanone 0.15 0.05 0.10 0.01 0.10 0.00 0.14 0.06 0.09 0.03 0.02 0.01 
MW 114 DAXP 2 0.48 0.07 0.46 0.05 0.48 0.02 0.48 0.02 0.46 0.03 0.15 0.02 
Methyl 
cyclopentenolone 0.09 0.03 0.08 0.01 0.07 0.00 0.08 0.00 0.07 0.02 0.01 0.00 
Other DAXP 2 0.16 0.11 0.24 0.03 0.22 0.01 0.23 0.03 0.18 0.08 0.03 0.01 
Levoglucosenone 0.10 0.01 0.11 0.01 0.12 0.01 0.13 0.02 0.13 0.01 0.03 0.01 
Cyclic hydroxy 
lactone 1.03 0.14 1.08 0.10 0.96 0.08 0.94 0.18 0.72 0.09 0.14 0.04 
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Table S5. Volatile product distribution for fast pyrolysis of Sigmacell with different sample weights. All numbers are in wt.%. 
Name of product 
 
0.2mg 
 
Std.  
Dev. 
0.5mg 
 
Std.  
Dev. 
0.8mg 
 
Std.  
Dev. 
1.1mg 
 
Std.  
Dev. 
1.35mg 
 
Std.  
Dev. 
2.0mg 
 
Std.  
Dev. 
C6H8O4_1 0.30 0.00 0.29 0.01 0.25 0.02 0.21 0.02 0.19 0.09 0.04 0.01 
C6H8O4_2 0.40 0.00 0.40 0.01 0.38 0.00 0.34 0.03 0.33 0.09 0.07 0.02 
C6H8O4_3 0.46 0.00 0.45 0.01 0.40 0.00 0.35 0.05 0.27 0.06 0.08 0.01 
1,4,3,6-dianhydro- 
α-d-glucopyranose 0.30 0.01 0.31 0.02 0.34 0.00 0.32 0.00 0.29 0.13 0.06 0.01 
5-hydroxy methyl 
furfural 1.00 0.04 0.98 0.05 0.93 0.01 0.91 0.00 0.91 0.15 0.21 0.07 
Dianhydro 
glucopyranose 2.33 0.43 2.58 0.10 2.43 0.11 2.09 0.33 1.77 0.10 0.38 0.11 
Other AXP 0.46 0.03 0.43 0.05 0.34 0.01 0.30 0.10 0.22 0.04 0.17 0.07 
Levoglucosan 54.77 1.36 55.50 2.51 57.35 1.64 53.71 0.34 51.51 3.08 22.59 2.36 
Levoglucosan-
furanose 3.68 0.19 3.84 0.36 4.01 0.32 4.69 0.47 6.06 1.46 4.17 0.36 
GC-detectables 77.83 5.30 78.05 1.80 78.52 1.12 74.84 0.45 70.60 3.81 30.18 3.58 
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Table S6. Overall product distribution for powder cellulose and the two types of thin film 
cellulose. All numbers are in wt%.  
Name of product 
 
Thin film  
(powder cellulose) 
Std.  
Dev. 
Thin flim  
(nano cellulose) 
Std.  
Dev. 
Formaldehyde 0.23 0.03 0.13 0.02 
Acetaldehyde  0.74 0.03 0.43 0.03 
Furan 0.08 0.00 0.05 0.00 
Propenal 0.21 0.01 0.16 0.02 
Acetone 0.06 0.01 0.03 0.00 
Methyl glyoxal 1.32 0.03 0.80 0.05 
2-methyl furan 0.05 0.00 0.03 0.00 
Methyl vinyl ketone  0.51 0.02 0.29 0.02 
Glycolaldehyde 8.01 0.01 7.11 1.79 
Acetic acid 0.29 0.03 0.11 0.06 
Acetol 0.70 0.07 0.27 0.00 
MW 86 0.33 0.01 0.24 0.01 
Furfural 0.35 0.02 0.25 0.00 
2 furanmethanol 0.11 0.00 0.06 0.01 
3 furanmethanol 0.07 0.00 0.03 0.00 
2-hydroxy cyclopent-2-en-1-one 0.34 0.02 0.17 0.00 
5-methyl furfural 0.06 0.00 0.06 0.01 
2(5H) furanone 0.13 0.00 0.07 0.01 
MW 114 DAXP 2 0.37 0.04 0.42 0.04 
Methyl cyclopentenolone 0.12 0.02 0.06 0.01 
Other DAXP 2 0.31 0.04 0.38 0.06 
Levoglucosenone 0.10 0.01 0.13 0.02 
Cyclic hydroxy lactone 1.45 0.08 1.15 0.02 
C6H8O4_1 0.37 0.00 0.14 0.03 
C6H8O4_2 0.47 0.01 0.23 0.02 
C6H8O4_3 0.51 0.05 0.24 0.00 
1,4,3,6-dianhydro-α-d-
glucopyranose 0.32 0.03 0.27 0.02 
5-hydroxy methyl furfural 1.25 0.20 0.60 0.05 
Dianhydro glucopyranose 1.69 0.56 2.43 0.09 
Other AXP 0.25 0.00 0.32 0.03 
Levoglucosan 38.84 4.16 58.90 3.27 
Levoglucosan-furanose 1.67 0.38 3.55 0.52 
Water 8.39 - 5.90 - 
CO 2.57 0.32 1.02 0.21 
CO2 7.94 0.50 3.48 0.40 
Char 5.70 0.60 3.90 0.50 
Total 85.92 5.04 93.41 1.98 
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Table S7. Volatile product distribution for co-pyrolysis of powder cellulose with 
levoglucosan. Yield is based on cellulose. All numbers are in wt%. 
Name of product Sigmacell: LG = 1.3 : 1 Sigmacell: LG = 1 : 1 
Formaldehyde 0.18 0.17 
Acetaldehyde  0.54 0.59 
Furan 0.07 0.05 
Propenal 0.16 0.17 
Acetone 0.05 0.04 
Methyl glyoxal 0.89 1.16 
2-methyl furan 0.04 0.03 
Methyl vinyl ketone  0.34 0.34 
Glycolaldehyde 8.02 8.78 
Acetic acid 0.29 0.32 
Acetol 0.39 0.51 
MW 86 0.27 0.21 
Furfural 0.34 0.30 
2 furanmethanol 0.07 0.08 
3 furanmethanol 0.05 0.05 
2-hydroxy cyclopent-2-en-1-one 0.35 0.31 
5-methyl furfural 0.06 0.06 
2(5H) furanone 0.16 0.11 
MW 114 DAXP 2 0.36 0.45 
Methyl cyclopentenolone 0.10 0.09 
Other DAXP 2 0.20 0.21 
Levoglucosenone 0.10 0.11 
Cyclic hydroxy lactone 0.69 1.04 
C6H8O4_1 0.48 0.30 
C6H8O4_2 0.42 0.48 
C6H8O4_3 0.54 0.69 
1,4,3,6-dianhydro-α-d-
glucopyranose 0.28 0.23 
5-hydroxy methyl furfural 1.01 0.92 
Dianhydro glucopyranose 3.31 2.74 
Other AXP 0.37 0.63 
Levoglucosan
a
 52.02 56.94 
Levoglucosan-furanose 3.05 3.35 
a, calculated by assuming levoglucosan in the reactant is 100% recovered as product.  
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Table S8. Product distribution for co-pyrolysis of levoglucosan with char. Yield is based on levoglucosan. All 
numbers are in wt.%. 
Name of product 
 
Levoglucosan 600µg 
+char 
Levoglucosan 450µg 
+ char 
Levoglucosan 300µg 
+ char 
Formaldehyde 0.10 0.06 0.09 
Acetaldehyde 0.41 0.25 0.60 
Furan 0.02 0.02 0.02 
Propenal 0.11 0.06 0.08 
Acetone 0.03 0.02 0.04 
Methyl glyoxal 0.58 0.33 0.32 
2-methyl furan 0.01 0.01 n.d. 
Methyl vinyl ketone 0.18 0.11 0.12 
Glycolaldehyde 3.00 2.17 0.52 
Acetic acid 0.15 0.11 n.d. 
Acetol 0.15 0.09 0.04 
MW 86 0.07 0.03 0.08 
Furfural 0.10 0.04 0.05 
2 furanmethanol n.d. n.d. n.d. 
3 furanmethanol n.d. n.d. n.d. 
2-hydroxy cyclopent-2-en-1-one 0.13 0.07 0.12 
5-methyl furfural n.d. n.d. n.d. 
2(5H) furanone n.d. n.d. n.d. 
MW 114 DAXP 2 0.22 0.11 n.d. 
Methyl cyclopentenolone 0.04 0.02 n.d. 
Other DAXP 2 0.19 0.09 n.d. 
Levoglucosenone n.d. n.d. n.d. 
Cyclic hydroxy lactone 0.68 0.35 0.19 
C6H8O4_1 n.d. n.d. n.d. 
C6H8O4_2 0.33 0.24 n.d. 
C6H8O4_3 0.43 0.32 n.d. 
1,4,3,6-dianhydro-α-d-glucopyranose 0.13 0.08 n.d. 
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Table S8. Product distribution for co-pyrolysis of levoglucosan with char. Yield is based on levoglucosan. All 
numbers are in wt.%. 
Name of product 
 
Levoglucosan 600µg 
+char 
Levoglucosan 450µg 
+ char 
Levoglucosan 300µg 
+ char 
5-hydroxy methyl furfural 0.16 0.11 0.14 
Dianhydro glucopyranose 0.16 0.15 0.15 
Other AXP n.d. n.d. n.d. 
Levoglucosan 59.28 61.77 89.37 
Levoglucosan-furanose n.d. n.d. n.d. 
CO 2.92 2.34 n.d. 
CO2 2.04 1.46 n.d. 
Char 10.00 n.d. n.d. 
Summation for volatile products 7.38 4.85 2.56 
n.d. - not detected 
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Figure S4: Reactant and gas yield for the co-pyrolysis of glycolaldehyde (left figure) 
or 5-HMF (right figure) with char. The co-pyrolysis was performed at a 1:1 ratio of 
GA/5-HMF:char at different total  sample weights as indicated. 
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Table S9. Overall product distribution for powder celluloses with differing crystallinity, degree of 
polymerization, and feedstock type. All numbers are in wt.%. 
Name of product 
 
Sigmacell 
 
BH  
100 
BH  
200 
BF 
200 
WWF  
200 
Ball milled  
Whatman  
PASC 
 
Avicel  
PH101 
Std.  
Dev. 
Formaldehyde 0.18 0.12 0.12 0.12 0.11 0.14 0.12 0.12 0.01 
Acetaldehyde  0.58 0.54 0.54 0.47 0.50 0.54 0.65 0.53 0.01 
Furan 0.07 0.16 0.17 0.16 0.10 0.07 0.10 0.07 0.00 
Propenal 0.17 0.15 0.14 0.14 0.13 0.14 0.18 0.16 0.00 
Acetone 0.04 0.05 0.06 0.06 0.04 0.04 0.07 0.04 0.00 
Methyl glyoxal 1.02 0.72 0.69 0.64 0.91 0.94 1.10 0.84 0.10 
2-methyl furan 0.04 0.04 0.04 0.04 0.03 0.03 0.04 0.03 0.00 
Methyl vinyl ketone  0.32 0.26 0.25 0.24 0.24 0.25 0.37 0.31 0.03 
Glycolaldehyde 7.16 4.88 4.61 4.78 6.11 7.12 6.70 5.54 0.11 
Acetic acid 0.25 0.22 0.11 0.19 0.13 0.11 0.20 0.16 0.04 
Acetol 0.36 0.15 0.20 0.10 0.12 0.33 0.46 0.25 0.00 
MW 86 0.26 0.52 0.48 0.48 0.41 0.24 0.33 0.25 0.08 
Furfural 0.33 0.51 0.52 0.62 0.49 0.30 0.52 0.30 0.01 
2 furanmethanol 0.07 0.06 0.05 0.06 0.05 0.04 0.07 0.07 0.00 
3 furanmethanol 0.04 0.03 0.03 0.03 0.02 0.01 0.06 0.04 0.00 
2-hydroxy cyclopent-2-en-1-one 0.29 0.14 0.13 0.12 0.13 0.18 0.21 0.23 0.04 
5-methyl furfural 0.05 0.03 0.05 0.06 0.06 0.04 0.06 0.05 0.00 
2(5H) furanone 0.10 0.04 0.03 0.05 0.06 0.07 0.11 0.08 0.00 
MW 114 DAXP 2 0.46 1.28 1.17 1.53 1.35 0.53 0.46 0.42 0.03 
Methyl cyclopentenolone 0.08 0.11 0.10 0.10 0.12 0.11 0.11 0.06 0.00 
Other DAXP 2 0.24 0.26 0.21 0.19 0.26 0.35 0.30 0.19 0.01 
Levoglucosenone 0.11 0.05 0.03 0.08 0.20 0.10 0.10 0.10 0.01 
Cyclic hydroxy lactone 1.08 0.90 0.79 0.79 1.13 1.48 0.96 0.78 0.08 
C6H8O4_1 0.08 0.09 0.10 0.12 0.14 0.16 0.08 0.04 0.01 
C6H8O4_2 0.15 0.22 0.19 0.15 0.23 0.37 0.25 0.10 0.02 
C6H8O4_3 0.24 0.32 0.41 0.42 0.46 0.30 0.26 0.21 0.04 
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Table S9. Overall product distribution for powder celluloses with differing crystallinity, degree of 
polymerization, and feedstock type. All numbers are in wt.%. 
Name of product 
 
Sigmacell 
 
BH  
100 
BH  
200 
BF 
200 
WWF  
200 
Ball milled  
Whatman  
PASC 
 
Avicel  
PH101 
Std.  
Dev. 
1,4,3,6-dianhydro-α-d-glucopyranose 0.31 0.50 0.51 0.56 0.33 0.37 0.44 0.35 0.08 
5-hydroxy methyl furfural 0.98 0.63 0.59 0.59 0.55 1.09 1.48 0.72 0.03 
Dianhydro glucopyranose 2.58 2.27 2.59 3.33 2.60 2.14 1.21 2.73 0.04 
Other AXP 0.43 0.42 0.57 0.51 0.46 0.36 0.20 0.55 0.06 
Levoglucosan 55.50 58.42 50.59 51.84 58.25 58.75 54.83 54.16 1.81 
Levoglucosan-furanose 3.84 5.53 4.66 4.94 3.82 2.76 4.09 4.13 0.17 
Water 6.28 8.97 9.85 10.36 7.47 5.93 5.14 5.00 - 
CO 1.19 1.08 1.40 1.09 1.15 0.86 0.88 0.97 0.22 
CO2 4.00 4.08 4.60 4.30 3.86 3.60 3.66 4.65 1.00 
Char 4.10 6.20 6.89 7.14 4.92 3.76 3.16 3.17 1.41 
Total 92.95 99.93 93.47 96.37 96.95 93.60 88.96 87.38 4.48 
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S7 Statistical Analysis for Similarity  
Table S10. Comparisons on major product yield for all pairs using Tukey-Kramer HSD 
(a)Levoglucosan 
Cellulose type (CI, DP, feedstock type) Letter Column A Mean 
Ball milled Whatman (0, 1334, cotton) A 58.75 
BH 100 (36.2, 1341, wood) A 58.42 
WWF 200 (33.9, 858, wheat) A 58.25 
Sigmacell (48.1, 1871, cotton) A 55.50 
PASC (0, 1712, cotton) A 54.83 
Avicel PH101 (47.3, 241, cotton) A 54.16 
BF 200 (36.9, 858, bamboo) A 51.84 
BH 200 (37.4, 1401, wood) A 50.59 
Levels not connected by same letters are significantly different 
 
(b)Glycolaldehyde 
Cellulose type (CI, DP, feedstock type) Letter Column A Mean 
Sigmacell (48.1, 1871, cotton) A 7.16 
Ball milled Whatman (0, 1334, cotton) A 7.12 
PASC (0, 1712, cotton) A 6.70 
WWF 200 (33.9, 858, wheat) A 6.11 
Avicel PH101 (47.3, 241, cotton) A 5.54 
BH 100 (36.2, 1341, wood) A 4.88 
BF 200 (36.9, 858, bamboo) A 4.78 
BH 200 (37.4, 1401, wood) A 4.61 
Levels not connected by same letters are significantly different 
 
(c)CO2 
Cellulose type (CI, DP, feedstock type) Letter Column A Mean 
Avicel PH101 (47.3, 241, cotton) A 4.65 
BH 200 (37.4, 1401, wood) A 4.60 
BF 200 (36.9, 858, bamboo) A 4.30 
BH 100 (36.2, 1341, wood) A 4.08 
Sigmacell (48.1, 1871, cotton) A 4.00 
WWF 200 (33.9, 858, wheat) A 3.86 
PASC (0, 1712, cotton) A 3.66 
Ball milled Whatman (0, 1334, cotton) A 3.60 
Levels not connected by same letters are significantly different 
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(d)CO 
Cellulose type (CI, DP, feedstock type) Letter Column A Mean 
BH 200 (37.4, 1401, wood) A 1.40 
Sigmacell (48.1, 1871, cotton) A 1.19 
WWF 200 (33.9, 858, wheat) A 1.15 
BF 200 (36.9, 858, bamboo) A 1.09 
BH 100 (36.2, 1341, wood) A 1.08 
Avicel PH101 (47.3, 241, cotton) A 0.97 
PASC (0, 1712, cotton) A 0.88 
Ball milled Whatman (0, 1334, cotton) A 0.86 
Levels not connected by same letters are significantly different 
 
(e)Char 
Cellulose type (CI, DP, feedstock type) Letter Column A Letter Column B Mean 
BF 200 (36.9, 858, bamboo) A 
 
7.14 
BH 200 (37.4, 1401, wood) A 
 
6.89 
BH 100 (36.2, 1341, wood) A B 6.20 
WWF 200 (33.9, 858, wheat) A B 4.92 
Sigmacell (48.1, 1871, cotton) A B 4.10 
Ball milled Whatman (0, 1334, cotton) A B 3.76 
Avicel PH101 (47.3, 241, cotton) 
 
B 3.17 
PASC (0, 1712, cotton) 
 
B 3.16 
Levels not connected by same letters are significantly different 
 
Tukey honest significant difference (HSD) test, which has larger least squares 
different intervals than student’s t-test thereby decreasing the chance of committing type 1 
error, was used to determine whether the product yield from different celluloses is 
significantly different or not. For the statistical analysis, 0.05 was used as the probability of 
type 1 error (α). Table S10 shows Tukey HSD test for five major products from cellulose fast 
pyrolysis for all pairwise comparison among different types of cellulose. In the table, the 
cellulose sequence was arranged by the average yield. Celluloses connected by same letter 
represent the yields from them are not significantly different. The crystallinity index (CI), 
degree of polymerization (DP) and feedstock type for each cellulose was listed in the bracket 
in the table. The results suggest similar yield for most pairwise comparisons among different 
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celluloses, which suggests the CI, DP and feedstock type have negligible influence for 
primary reactions of cellulose fast pyrolysis.      
References for “Supporting Information of Chapter 2” 
[1] P. R. Patwardhan, J. A. Satrio, R. C. Brown, B. H. Shanks Bioresource Technology. 
2010, 101, 4646-4655. 
 
[2] P. R. Patwardhan, J. A. Satrio, R. C. Brown, B. H. Shanks Journal of Analytical and 
Applied Pyrolysis. 2009, 86, 323-330. 
 
[3] M. S. Mettler, S. H. Mushrif, A. D. Paulsen, A. D. Javadekar, D. G. Vlachos, P. J. 
Dauenhauer Energy & Environmental Science. 2012, 5, 5414-5424. 
 
[4] R. H. Perry, D. W. Green, J. O. Maloney, P. Eds Chemical Engineering Handbook, 6th 
ed. 1984. 
 
[5] A. H. Kibbe. Handbook of pharmaceutical excipients. 3rd edition. 2000. 
 
[6] T. Hatakeyama, K. Nakamura, H. Hatakeyama Polymer. 1982, 23, 1801-1804. 
 
[7] J . Kestin, S. T. Ro, W. A. Wakeham Journal of Chemical Physics. 1972, 56, 4119-
4124. 
 
[8] H. Petersen. The Properties of Helium: Density, Specific Heats, Viscosity, and Thermal 
Conductivity at Pressures from 1 to 100 bar and from Room Temperature to about 
1800 K. 1970. 
 
[9] L. J. Curtis, D. J. Miller Industrial & Engineering Chemistry Research. 1988, 27, 1775-
1783. 
 
[10] D. Fabbri, C. Torri, I. Mancini Green Chemistry. 2007, 9, 1374-1379. 
 
[11] F. Shafizadeh, R. H. Furneaux, T. T. Stevenson, T. G. Cochran Carbohydrate 
Research. 1978, 67, 433-447. 
  
77 
 
CHAPTER 3 
CELLULOSE-HEMICELLULOSE, CELLULOSE-LIGNIN INTERACTIONS 
DURING FAST PYROLYSIS 
A paper was submitted to ACS Sustainable Chemistry & Engineering 
Jing Zhang,
1
 Yong S. Choi,
1
 Chang G. Yoo,
2
 Tae H. Kim,
2
 Robert C. Brown,
3
 and Brent H. 
Shanks*
14
 
1 Department of Chemical and Biological Engineering, Iowa State University 
2 Agricultural and Biosystems Engineering, Iowa State University 
3 Center for Sustainable and Environmental Technologies, Iowa State University 
4 Center for Biorenewable Chemicals, Iowa State University  
Abstract 
Previously the primary product distribution resulting from fast pyrolysis of cellulose, 
hemicellulose and lignin was quantified. This study extends the analysis to the examination 
of interactions between cellulose-hemicellulose and cellulose-lignin, which were determined 
by comparing the pyrolysis products from their native mixture, physical mixture and 
superposition of individual components. Negligible interaction was found for either binary 
physical mixture. For the native cellulose-hemicellulose mixture no significant interaction 
was identified either. In the case of the native cellulose-lignin mixture, herbaceous biomass 
exhibited an apparent interaction, represented by diminished yield of levoglucosan and 
enhanced yield of low molecular weight compounds and furans. However, such interaction 
was not found for woody biomass. It is speculated that these results are due to different 
amounts of covalent linkages in these biomass samples. This study provides insight into the 
chemistry involved during the pyrolysis of multi-component biomass, which can facilitate 
building a model for bio-oil composition prediction.  
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1 Introduction 
Fast pyrolysis can be used to convert naturally abundant biomass into a liquid 
product, called bio-oil.
[1,2]
 Given the volatility of nonrenewable crude oil, bio-oil has been 
identified as a potential substitution candidate. Considering the intrinsic complex chemical 
composition of bio-oil, in order to create a basis for bio-oil to become a feasible replacement 
for crude oil either through optimizing the fast pyrolysis reactions conditions or catalytically 
upgrading the bio-oil product, a more fundamental understanding of the biomass pyrolysis 
mechanism and chemical composition of bio-oil is needed. Previously, we reported on 
pyrolytic mechanism of the individual constituents of biomass (cellulose, hemicellulose and 
lignin) as well as the catalytic effects of minerals present during pyrolysis through the use of 
a micropyrolyzer system, which allowed access to the primary reactions occurring in 
pyrolysis without convolution from secondary reactions.
[3-6]
 In this paper, we focus on the 
possibility of binary interactions between cellulose-lignin and cellulose-hemicellulose during 
fast pyrolysis by comparing the pyrolytic product distributions from the native and physical 
mixed biopolymers and comparing this result with the known results for the individual pure 
biopolymers. The hemicellulose-lignin binary system was not included in the current study 
due to the difficulty in obtaining a hemicellulose-lignin native mixture. 
In the sense of physical structure, the lignin is located in the outer cell wall of 
biomass. In general, cellulose is located within a lignin shell while the hemicellulose, with a 
random and amorphous structure, is located within the cellulose and between the cellulose 
and lignin. From a chemical perspective, hydrogen bonding exists between cellulose and 
lignin as well as cellulose and hemicellulose. Additionally, covalent linkages, mainly ether 
bonds, have been proposed to be present between cellulose and lignin.
[7-9]
 Therefore, the 
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possible chemical linkage within cellulose-lignin and cellulose-hemicellulose, as well as their 
physical arrangement within the biomass structure may play a role in influencing the product 
distribution resulting from pyrolysis, which would result in the pyrolysis behavior of the 
binary system not being captured by the simple addition of its individual components. 
Additionally, the potential reactive species released during fast pyrolysis of the individual 
biopolymers might interact differently when two different biopolymers are simultaneously 
pyrolyzed leading to a product distribution from the binary system that would not be the 
same as a mere superposition of pyrolysis products from the individual components.  
Whether interactions between the pyrolysis products of the three biopolymers lead to 
different final chemical product distributions has been the subject of conflicting reports in the 
literature. A number of studies have proposed that there is negligible among cellulose-
hemicellulose-lignin during pyrolysis.
[10-13]
 In contrast, some researchers have reported that 
interactions among cellulose, hemicellulose and lignin do exist. Hosoya et al.
 
stated that the 
pyrolytic behavior of cedar wood (hydrolysable sugar content and molecular weight of water-
soluble bio-oil) could not be explained merely in terms of the combined pyrolysis of 
cellulose, hemicellulose, and lignin even after demineralization.
[14]
 They
 
also concluded that 
there were apparent interactions between cellulose and lignin while negligible interactions 
between cellulose and hemicellulose during pyrolysis.
[15]
 Sagehashi et al. reported that during 
the gasification of biomass, the yield of phenol and guaiacol surpassed their superposition 
yield from the gasification of the individual cellulose, xylan, and lignin.
[16]
 More recently, 
Fushimi et al. reported that lignin could suppress the volatilization of bio-oil species from 
cellulose while xylan could enhance the decomposition of bio-oil into gases.
[19]
  
Previous work on interaction effects in the pyrolysis of biomass and its constitute 
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components had four common areas of concern. First, most of the experiments were 
performed either by using thermogravimetric analyzers (TGA) or batch reactors. The former 
are not capable of providing adequate heating rates
[17]
 to allow the volatile products, once 
generated, to readily escape from the heated zone to ensure exploration of primary reactions. 
The later result in a long residence time relative to fast pyrolysis, so secondary vapor phase 
reactions and condensation reactions likely occurred. Second, these studies were mainly 
based on the weight loss of biomass or simply defining the condensable products as water-
soluble and water-insoluble products, from which information on specific chemical species 
cannot be inferred. Third, birch wood xylan obtained from Sigma-Aldrich was generally used 
as the biopolymer representing hemicellulose. While xylan is the primary component of 
hemicellulose, it is not the only carbohydrate species present in real hemicelluloses. 
Additionally, the xylan from Sigma-Aldrich has an extremely high content of alkali and 
alkaline earth metals, making its complete demineralization quite challenging.
[5]
 Fourth, 
previous studies disregarded the potential importance of intrinsic structure difference 
between physical mixtures of cellulose-hemicellulose-lignin and real biomass, as the physical 
and chemical interactions within cellulose-hemicellulose-lignin in real biomass could create 
different local reaction conditions than would be present in a simple physical mixture of the 
individual components. It is possible that such a discrepancy could affect the final pyrolysis 
product distribution.  
It has been verified that the primary product distributions of any cellulose samples are 
very similar under fast pyrolysis conditions as long as they are demineralized.
[20]
 Given the 
complexity of the structure within lignin-carbohydrate complexes as well as the convoluted 
chemical speciation generated during fast pyrolysis, consistent types of hemicellulose and 
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lignin and representative fast pyrolysis conditions need to be applied,
[18]
 combined with well-
developed analytical techniques in order to uncover the possible underlying pyrolytic 
interaction effects. In this work, representative fast pyrolysis conditions were obtained using 
a micropyrolyzer. Using a combination of several analytical techniques including nearly 
complete chemical speciation and product distributions were determined. Further, the source 
of interaction effects within binary cellulose-lignin and cellulose-hemicellulose system was 
interpreted from the aspect of both a physical mixture and a native combination. 
2 Materials and Methods 
2.1 Materials 
For the individual components used in this study, cellulose was purchased from 
Sigma-Aldrich, cornstover lignin, isolated using the Organosolv process, was provided by 
Archer Daniels Midland (ADM), and hemicellulose was isolated from cornstover using the 
method described in the experimental section. The binary native mixture of cellulose-lignin 
was obtained by selectively removing hemicellulose from the original biomass and the binary 
native mixture of cellulose-hemicellulose was obtained after delignification of cornstover. 
The details for these methods are provided in the following experimental section. 
2.2 Biomass Sample Pretreatment 
Hemicellulose was extracted from cornstover by an aqueous ammonia treatment 
followed by hot water treatment.
[21]
 The native binary mixtures from cornstover were 
prepared by selectively removing one component, either hemicellulose or lignin, from the 
original biomass. Hemicellulose removal was also performed on pine, red oak and 
switchgrass samples to obtain their native cellulose-lignin samples. The purpose for 
including these samples was to verify whether interaction effects between cellulose-lignin 
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were consistent among different types of biomass. The native cellulose-lignin sample was 
obtained by hot water treatment using the same conditions as the hemicellulose extraction. 
The native cellulose-hemicellulose mixture was obtained by delignification, using sodium 
chlorite and glacial acetic acid. Details for all the biomass pretreatment are given in 
supporting information.  
2.3 Biomass Sample Characterization 
Carbohydrate and lignin content in the biomass samples was analyzed following the 
protocol from the NREL Chemical Analysis and Testing Standard Procedures: NREL LAP, 
TP-510-42618. Details in the analysis are given in the Supplementary materials.  
2.4 Pyrolyzer-GC-MS/FID Experiments 
The pyrolysis experiments were performed in a single-shot micopyrolyzer (Model 
2020 iS, Frontier Laboratories, Japan). Before pyrolysis, approximately 500 µg biomass was 
added to a deactivated stainless steel sample cup. The loaded sample cup was then dropped 
gravitationally into a quartz pyrolysis tube. The pyrolysis temperature, which was 500 
O
C in 
the present work, was maintained by a tubular furnace surrounding the quartz reaction tube. 
During the experiment, the generated volatile products were swept by the helium gas into a 
Bruker 430-GC through a deactivated needle. A capillary GC column, ZB-1701 
(Phenomenex) was used for separation of the volatile products. The column was either 
connected to a mass spectrometer (MS, Saturn 2000) for product identification or to a flame 
ionization detector (FID) for product quantification. Details for product identification are 
given in the Supplementary materials.  
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3 Results and Discussion 
3.1 Sample Characterization 
The compositions of the samples used in the study as well as their ash content are 
listed in Table 1, Table 2, and Table S1 (all data are average values from duplicate analysis 
and are based on dry biomass). It should be noted that the residual lignin content in the 
isolated hemicellulose was still about 21 wt%, which was due to the mild ammonia 
delignification treatment. Since polysaccharide pyrolysis behavior is highly sensitive to 
alkaline and alkaline earth metal ions, the extracted hemicellulose needed to be nearly free of 
these ions before testing. Given this constraint, the optimal removal method used ammonia 
and hot water treatment rather than alkaline delignification and extraction, even though the 
latter could yield lower lignin content in the hemicellulose. For the hemicellulose and 
holocellulose samples, the unaccounted for mass was likely due to residual extractives or 
proteins.  
Previous work has shown that even small amounts of alkaline and alkaline earth 
metal ions within polysaccharides will dramatically alter the final product distribution from 
pyrolysis.
3
 Therefore, the biomass samples used in the current was analyzed in duplicate for 
metal ion content using inductively coupled plasma mass spectrometry (ICP-MS). Table S2 
shows the ICP-MS results for the pretreated cornstover hemicellulose, native cellulose-
hemicellulose from cornstover and native cellulose-lignin samples from different biomass 
sources demonstrate that sufficiently low levels of the key metal ions were achieved through 
the sample preparation (the Si abundance has been proven to not be a problem as it is inert 
during fast pyrolysis). 
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Table 1 Component analysis of native cellulose-lignin samples from different feedstocks
a
 
Components Cornstover Pine Red Oak Switchgrass 
Untreated Pretreated Untreated Pretreated Untreated Pretreated Untreated Pretreated 
Glucan 35.3 64.0 35.8 42.9 40.7 52.7 36.2 63.8 
Xylan 23.0 4.5 8.2 0.0 17.9 0.0 24.3 1.5 
Galactan 1.9 0.0 3.7 0.0 2.4 0.0 0.8 0.0 
Arabinan 4.0 0.0 2.7 0.0 0.8 0.0 3.0 0.2 
Mannan - - 8.4 0.0 1.7 0.0 0.9 0.9 
Lignin 19.9 25.7 39.1 56.1 33.3 47.5 22.3 32.3 
Protein 4.8 - - - - - - - 
Sucrose 0.6 - - - - - - - 
Ash 4.6 4.4 0.7 - 0.4 - 0.2 0.2 
Extractives 6.6 - - - - - - - 
n
b
 2 2 2 2 2 2 2 2 
Total 100.7 98.6 98.6 99.0 97.2 100.2 87.7 98.9 
a
 All numbers are in wt%; 
b
 number of analysis.  
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Table 2 Component analysis of cornstover cellulose-hemicellulose native sample
a
 
Components Holocellulose composition 
Glucan 45.8 
Xylan 27.6 
Galactan 2.6 
Arabinan 5.0 
Mannan 1.1 
Lignin 3.0 
Ash 3.6 
Total 88.7 
a
 All numbers are in wt%. 
 
3.2 Quantification for Cellulose-hemicellulose Binary System 
The chromatograms resulting from the pyrolysis of the cellulose, hemicellulose (this 
is the demineralized hemicellulose with residual lignin given in Table S1) and their physical 
and native binary mixtures are shown in Fig. S1 in the Supplementary materials. The species 
associated with the number in the chromatograms can be found in Table S4. Qualitative 
comparison of the products from individual components (cellulose and hemicellulose) with 
those from either the physical cellulose-hemicellulose mixture or the native cellulose-
hemicellulose mixture showed that essentially only negligible amounts of new compounds 
were generated during primary pyrolysis. 
The quantitative product distribution for pyrolysis of the hemicellulose sample is 
shown in Table S3. The product yield values given in the table were normalized based on the 
carbohydrate content in the extracted hemicellulose thereby removing the contribution from 
the residual lignin. Also, the yield of products that could be generated from both 
hemicellulose and lignin, such as CO, CO2, char etc., were corrected by assuming the portion 
produced from the residual lignin had the product distribution determined for pure lignin.
6
 
The water content in the product was determined by calculating the stoichiometric amount of 
water that would need to be released to form the dehydrated species such as 2-furaldehyde, 
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DAXP, 5-(hydroxymethyl)-2-furancarboxaldehyde (HMF), dianhydro glucopyranose and 
char. The char was assumed to be pure carbon since the elemental analysis on cellulose and 
hemicellulose derived char shows an approximate molecular formula of CH0.22O0.09. Using 
the component analysis shown in Table S1, an elemental balance was calculated for the 
carbon, hydrogen and oxygen in the products. This balance was compared to the values for 
the hemicellulose sample and it was found 9.73 wt% carbon, 1.52 wt% hydrogen and 7.50 
wt% oxygen were unaccounted for in the products, which was why 81.25 wt% closure was 
achieved. The unaccounted for mass in the elemental balance was likely caused by a 
combination of minor product condensation in the transfer line between the pyrolysis reactor 
and the GC column, non-quantified minor peaks in the chromatograph, and non-detectable 
gases such as hydrogen and light hydrocarbons. This overall closure was slightly better than 
we had reported in a previous study with hemicellulose pyrolysis.
[5]
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Table 3 Comparison of pyrolysis product distribution among the native sample, physical mixture and 
superposition of cellulose-hemicellulose 
Compound Native sample Physical mixture Superposition Difference Std. Dev. 
Formaldehyde 0.22 0.19 0.21 0.01 0.02 
Acetaldehyde 0.91 0.78 0.83 0.08 0.04 
Furan 0.14 0.08 0.08 0.06 0.00 
Acetone 0.14 0.08 0.08 0.06 0.01 
Methyl glyoxal 0.60 1.99 2.02 -1.42 0.13 
2-methyl furan 0.08 0.07 0.06 0.02 0.00 
Glycolaldehyde 2.94 9.74 9.63 -6.69 0.75 
Acetic acid 5.09 0.15 0.18 4.91 0.03 
Acetol 0.33 0.74 0.72 -0.39 0.04 
2-furaldehyde 1.38 1.23 1.14 0.24 0.05 
2-furan methanol 0.13 0.19 0.17 -0.04 0.00 
3-furan methanol 0.11 0.11 0.10 0.01 0.00 
Other DAXP 1 0.42 0.28 0.21 0.21 0.00 
5-methyl furfural 0.15 0.34 0.31 -0.16 0.01 
DAXP 1 1.19 1.44 1.23 -0.04 0.03 
2(5H)-furanone 0.36 0.32 0.27 0.09 0.03 
DAXP 2 1.26 6.28 6.06 -4.80 0.09 
2-hydroxy-3-methyl-2-cyclopenten-1-one 0.17 0.22 0.13 0.04 0.03 
Other DAXP 2 0.20 0.60 0.52 -0.32 0.01 
AXP 0.86 0.00 0.00 0.86 0.10 
5-(hydroxymethyl)-2-furaldehyde 1.27 0.75 0.64 0.63 0.02 
Dianhydro glucopyranose 1.65 1.26 1.46 0.19 0.11 
Other AXP 1.52 3.40 3.34 -1.82 0.23 
Levoglucosan 30.87 29.56 31.74 -0.87 1.78 
Levoglucosan-furanose 2.65 1.95 2.23 0.42 0.36 
Char 9.18 6.17 6.42 2.76 0.45 
CO 2.11 1.95 1.72 0.39 0.10 
CO2 10.94 6.61 5.87 5.07 0.71 
Water (calculated) 12.82 9.74 9.88 2.94 - 
Total 89.69 86.24 87.23 2.46 2.73 
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Table 3 shows the pyrolysis product distribution for the native sample, physical 
mixture and superposition of the pure cellulose-hemicellulose samples. Both the physical 
mixture and superposition values were weighted to the cellulose/hemicellulose ratio in the 
native sample. The values in the “Difference” column in Table 3 represent the discrepancy 
between the native mixture and superposition in terms of product yield. The “Std. Dev.” 
Column gives the value of one standard deviation resulting from triplicate runs of the native 
mixture, the value of which is representative for this data series. Similarly, all product yields 
were normalized based on carbohydrate content in the original biomass. Overall mass 
balances of 89.69 wt%, 86.24 wt% and 87.23 wt% were achieved for the native sample, 
physical mixture and pure biopolymer superposition, respectively. An elemental balance for 
the native sample products showed that 6.78 wt% carbon, 1.37 wt% hydrogen, and 2.17 wt% 
oxygen were the differences between starting material and the products.  
As shown in Table 3, the yields of the pyrolysis products for the physical mixture 
matched well with that obtained via superposition of cellulose and hemicellulose. Overall, 
the results for these two cases strongly suggested that no chemical interactions occurred 
when cellulose and hemicellulose were pyrolyzed simultaneously. The lack of interaction 
effects demonstrated that although product concentrations in the gas phase would be changed 
when pyrolyzing the physical mixture compared to those resulting from the respective single 
biopolymers, it did not lead to a change in gas phase reactions within the constraints of the 
helium dilution and short residence time for pyrolysis in the micropyrolyzer. 
Table 3 also compares the product yields for the native cellulose-hemicellulose 
sample with the superposition values. Based on the formation pathways, the products could 
be broken down into six categories: 1) levoglucosan, 2) gases, 3) low molecular weight 
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products, 4) DAXP and AXP, 5) char, and 6) HMF and dianhydro glucopyranose. It was 
clear from the results that similar levoglucosan yield were realized for both the native sample 
and pure component superposition, implying that any hydrogen bonding or morphology of 
intertwined cellulose and hemicellulose did not influence levoglucosan evolution. The Tukey 
honest significant difference (HSD) test was used to further verify whether there was a 
significant difference in the yield of levoglucosan and levoglucosan-furanose between the 
native mixture, physical mixture and superposition. The results in Table S7 confirmed the 
lack of significant interactions for these samples. A difference was observed for the yields of 
some other products. More CO2 and acetic acid were generated from the native sample, 
which might be related to residual acetic acid from the pretreatment procedure. When heated 
to 440 
O
C, pure acetic acid begins to partly decomposed, so during pyrolysis the residual 
acetic acid could either be volatilized and exit the reaction zone or decompose into CO2 and 
methane, leading to increases in their yield. For most of the other major low molecular 
weight products, their yield from the native sample was slightly lower than found from 
superposition as was also the case for the C5 pyrans, such as DAXP and AXP. These 
differences might have been due to differences in the degree of polymerization for the 
hemicellulose in the native sample versus the extracted hemicellulose, since during 
hemicelluloses extraction it was depolymerized to the extent of being soluble in the aqueous 
phase. As such, the extracted hemicellulose likely had a lower degree of polymerization 
compared to the hemicellulose in the native sample. The dianhydro glucopyranose and HMF, 
which can only be derived from C6 saccharides, their yield was marginally higher in the 
product distribution for the native sample. This difference might have been due to a different 
sugar composition in the native and extracted hemicellulose. Table S1 and Table 2 show that 
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the extracted hemicellulose has less six carbon carbohydrates compared to the native one. 
The resulting different ratio of five to six carbon carbohydrates between the native sample 
and the superposition would be expected to impact the relative yields for the C5 and C6 
carbohydrate-derived products.   
In summary, under fast pyrolysis conditions the product distributions for the physical 
mixture was reproduced by the calculated superposition yield. While minor differences were 
observed when comparing the fast pyrolysis of the native sample with the pure component 
superposition, the results indicated no significant interaction effects with the native sample. 
When taken together, our results strongly suggested that no interactions will occur between 
the cellulose and hemicellulose fractions when biomass is pyrolyzed.  
3.3 Quantification for Cellulose-lignin Binary System 
The pyrolysis chromatograms for cellulose, lignin and their physical and native 
mixtures are shown in Fig. S2. Again, the compound names corresponding to the numbered 
peaks can be found in Table S4. As with the cellulose-hemicellulose case, the product 
distributions from the individual components (cellulose and lignin) had essentially the same 
range of compounds as were generated during the pyrolysis of either the physical cellulose-
lignin mixture or the native cellulose-lignin sample. 
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Table 4 Comparison on pyrolysis product distribution among the native sample, physical mixture and superposition 
of cellulose and lignin for cornstover
a
 
Compound Native sample Physical mixture Superposition Difference Std. Dev. 
Formaldehyde 0.28 0.13 0.13 0.15 0.01 
Acetaldehyde 1.11 0.70 0.67 0.44 0.03 
Methanol 0.56 0.48 0.48 0.08 0.03 
Furan 0.07 0.07 0.07 0.00 0.00 
Acetone 0.12 0.09 0.09 0.03 0.00 
Methyl glyoxal 2.22 0.75 0.74 1.48 0.04 
2-methyl furan 0.09 0.05 0.05 0.04 0.01 
Glycolaldehyde 12.26 5.01 5.03 7.23 0.40 
Acetic acid 2.41 1.86 1.84 0.57 0.22 
Acetol 1.70 0.31 0.30 1.40 0.21 
2-furaldehyde 0.42 0.31 0.31 0.11 0.05 
2-furan methanol 0.13 0.06 0.06 0.07 0.04 
3-furan methanol 0.13 0.03 0.03 0.10 0.04 
5-methyl furfural 0.10 0.04 0.04 0.06 0.02 
2(5H)-furanone 0.29 0.10 0.09 0.20 0.01 
DAXP 2 0.67 0.72 0.75 -0.08 0.02 
2-hydroxy-3-methyl-2-cyclopenten-1-one 0.29 0.08 0.08 0.21 0.03 
Phenol 0.14 0.24 0.23 -0.09 0.00 
2-methoxy phenol 0.46 0.23 0.23 0.23 0.03 
2-methyl phenol 0.03 0.03 0.03 0.00 0.00 
4-methyl phenol 0.15 0.13 0.13 0.02 0.06 
2-methoxy-4-methyl phenol 0.23 0.20 0.20 0.03 0.02 
3-ethyl phenol 0.08 0.16 0.16 -0.08 0.02 
4-ethyl-2-methoxy phenol 0.76 0.08 0.08 0.68 0.01 
4-vinyl phenol 1.49 1.14 1.11 0.38 0.10 
2-methoxy-4-vinyl phenol 0.70 0.35 0.34 0.36 0.02 
Eugenol 0.06 0.44 0.42 -0.36 0.01 
5-(hydroxymethyl)-2-furancarboxaldehyde 1.55 0.64 0.64 0.91 0.20 
2,6-dimethoxy phenol 0.32 0.27 0.26 0.06 0.02 
Dianhydro glucopyranose 1.09 1.70 1.65 -0.56 0.07 
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Table 4 Comparison on pyrolysis product distribution among the native sample, physical mixture and superposition 
of cellulose and lignin for cornstover
a
 
Compound Native sample Physical mixture Superposition Difference Std. Dev. 
other AXP (hemicellulose) 0.19 0.35 0.37 -0.18 0.02 
Iso-eugenol 0.32 0.08 0.08 0.24 0.02 
4-methyl-2,6-dimethoxyphenol 0.30 0.20 0.19 0.11 0.00 
3',4'-dimethoxy acetophenone 0.18 0.06 0.06 0.12 0.00 
4-allyl-2,6-dimethoxyphenol 0.11 0.06 0.06 0.05 0.01 
Levoglucosan 25.34 35.80 35.62 -10.28 0.80 
3,5-dimethoxy-4-hydroxy benzaldehyde 0.20 0.02 0.02 0.18 0.03 
3’,5’-dimethoxy-4’-hydroxy acetophenone 0.09 0.05 0.05 0.04 0.00 
Levoglucosan-furanose 0.99 2.50 2.46 -1.47 0.13 
MW280 0.00 0.13 0.13 -0.13 0.00 
CO 1.58 1.65 1.67 -0.09 0.26 
CO2 7.37 8.10 8.18 -0.81 1.20 
Char 6.18 11.85 11.97 -5.79 1.09 
Ash 4.36 - - - - 
Water (calculated) 3.08 6.50 6.50 -3.42 - 
Total 80.21 83.75 83.60 -3.39 1.84 
a
 All numbers are in wt%. 
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Table 4 shows the quantified product yields from fast pyrolysis of a cellulose-lignin 
physical mixture and a cellulose-lignin native sample from cornstover, respectively 
(including CO, CO2 and char yields). Superposition yields of pyrolytic products were 
calculated by weighted addition of the pyrolytic product yields for the individual pure 
biopolymers. The “Difference” column in Table 4 represents the product yield difference 
between the native sample and the superposition calculation and the “Std. Dev.” Column 
gives one standard deviation resulting from triplicate runs of the native sample. As with the 
cellulose-hemicellulose experiments, the reported water yield was calculated by determining 
the stoichiometric amount of water that would need to be produced to obtain the measured 
dehydration products, 2-furaldehyde, DAXP 2, other DAXP 2, HMF, dianhydro 
glucopyranose and char. Using this calculated water yield, the measured char, gas and GC 
detected compounds, overall mass balances of 80.2 wt%, 83.75 wt% and 83.60 wt% were 
determined for the native cellulose-lignin sample, physical cellulose-lignin mixture and the 
individual biopolymer superposition yield respectively. To perform an overall elemental 
balance for comparing the native cellulose-lignin sample and its pyrolysis products an 
empirical formula for cornstover lignin, C10.2H12.2O3.8N0.2, was used.
[6]
 Based on the overall 
product yields listed in Table 4, an elemental balance for carbon, hydrogen and oxygen 
indicated that a difference between the native sample and the product values corresponded 
10.36 wt% C, 1.77 wt% H and 6.20 wt% O (consistent with a “molecular formula” of 
C10H18.8O4.1). The elemental balance differences might be attributed to condensation of 
oligomers along the reactor to GC transfer line as well as hydrogen and light alkane 
production (such as CH4, C2H6 and C3H8), which could not be quantified by the gas analyzer 
system used in this study. The condensation of pyrolytic lignin oligomers might have been 
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the primary cause since there was a consistency between the difference “molecular formula” 
from the elemental balance and the molecular formula of cornstover lignin. Additionally, 
there was small number of unidentified products in chromatograph that were only present at 
low levels. Comparison of the product yields for the physical mixture and the biopolymer 
superposition revealed no significant differences leading to the conclusion that no interaction 
effects existed in the physical mixture of cellulose and lignin under the fast pyrolysis 
conditions. However, an apparent change in product distribution was observed when 
comparing the physical mixture to the native sample. Statistical analysis using the HSD test 
(see Table S8) validated the product distribution similarities and differences for the cellulose-
lignin binary systems.   
On the basis of molecular weight and similarity in functional group the cellulose-
derived pyrolytic products (excluding char, gases and water) from the binary mixture of 
cellulose-lignin could be subdivided into three categories: 1) low molecular weight 
compounds with a carbon number from 1 to 3 (such as glycolaldehyde, methyl glyoxal, 
acetol, etc.), 2) furan derivatives with a carbon number from 4 to 6 (such as 2(5H)-furanone, 
2-furaldehyde, HMF etc.), and 3) dehydrated sugars with a carbon number of 5 or 6 (such as 
DAXP, levoglucosan etc.). As shown in Table 4, the differences in product distribution 
between the native cellulose-lignin sample and the physical mixture of cellulose-lignin (or 
superposition of the individual components) had trends within each of the three categories. 
For the native cellulose-lignin, the total yields of C1 to C3 product compounds increased by 
11.38 wt%, which was mainly attributed to a 7.23 wt% increase in glycolaldehyde. While not 
as significantly, more furans were produced from the pyrolysis of the native cellulose-lignin 
sample (with a total yield increasing by 1.45 wt%, of which more than half was attributed to 
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HMF). Offsetting these increases in yields of the low molecular weight compounds and furan 
derivatives was lower yields of the pyrans, primarily attributed to a 10.28 wt% decrease in 
the levoglucosan yield. These results were consistent with the pyrolysis mechanism proposed 
previously in which competitive glycosidic bond and C-C bond breaking are the primary 
reactions for cellulose thermal deconstruction.
[3, 4, 22]
 For “clean” cellulose, Vinu and 
Broadbelt have demonstrated that a concerted reaction involving breaking the glycosidic 
bond is favored, in which a levoglucosyl end-group is formed.
[22]
 Subsequent glycosidic bond 
cleavage moving up the chain from the levoglucosyl end-group would generate one molecule 
of levoglucosan and another levoglucosyl end-group for each cleavage event. Competing 
with this reaction is a second set of reaction pathways that can produce furan derivatives and 
low molecular weight species.  A number of reactions are possible in this set of competitive 
pathways.
[23-27]
 Given the diminishment of the levoglucosan and enhancement of the low 
molecular weight compounds and the furan derivatives it appeared that the native cellulose-
lignin experienced a relative enhancement of this second set of reactions. 
As discussed above, the major difference between the native cellulose-lignin sample 
and the physical cellulose-lignin mixture was how these two components were chemically or 
physically intertwined with each other. To evaluate whether the biomass pre-treatment itself 
could cause the difference in the pyrolysis product distribution, a control experiment was 
performed by using the hot water treatment on the physical cellulose-lignin mixture. 
Pyrolysis of the treated and unteated physical mixture gave nearly the same product 
distributions. Some researchers have proposed that covalent bonds, most likely ether bonds, 
exist between cellulose and lignin within lignocellulosic biomass.
[7-9]
 For example, Jin et al. 
applied a carboxymethylation method on a native cellulose-lignin sample and then measured 
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the yield of cellulose in the extracted water-soluble phase.
[7]
 They observed what appeared to 
be the existence of covalent linkages between cellulose and lignin in woody biomass. Zhou et 
al. used isotopic oxygen to prove the existence of oxygen containing covalent bonds between 
cellulose and lignin in a material isolated from Zea Mays leaves.
[28]
 By methylating the 
native cellulose-lignin sample and detecting the methylated position on cellulose, several 
studies have suggested that these ether bonds occur through the C6 position on glucosyl ring 
in the cellulose chain.
[28-32]
 Houminer et al. demonstrated that the hydroxyl group at the C6 
position in the glucosyl ring had the highest activity when a kinetic model for the 
polymerization of levoglucosan was developed.
[33]
 This study would infer that the C6 
hydroxyl is kinetically more favored to covalent bond with lignin if such a covalent bond 
does exist. Unfortunately, to date it has not been possible to use NMR characterization to 
accurately quantify such covalent linkages due to the limited access of 
13
C-uniformly labelled 
plants making identification of the desired signals in the lignocellulose complex difficult.  
The existence of covalent bonding between lignin and the C6 position of glucosyl 
rings in cellulose would be consistent with the decreased yield of levoglucosan observed in 
the pyrolysis of the native cellulose-lignin sample. We have shown previously that 
polysaccharides with 1,6-glycosidic linkages resulted in the formation of considerably less 
levoglucosan upon pyrolysis relative to polysaccharides with 1,4- (either α or β) or 1,3-
glycosdic linkages.
[4]
 For the 1, 6-glycosidic linked polysaccharides, glycosidic bond 
cleavage could not readily form a levoglucosyl end-group since the oxygen atom at the C6 
position on the end unit of the generated chain would be connected to the neighbouring 
glucose unit by the glycosidic bond making it unavailable. Similarly, once the glucose unit in 
cellulose is covalently bonded (possibly by an ether linkage) with lignin at the C6 position, it 
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would be difficult to form a levoglucosyl-end group after glycosidic bond cleavage since the 
oxygen at the C6 position would be connected to the lignin thereby preventing the anhydro-
ring closure necessary for levoglucosan formation (Fig. 1). Such an impediment to the 
formation of levoglucosyl-end group would facilitate competing reactions, such as the 
formation of furans and C1 to C3 low molecular weight products thereby leading to higher 
yields of these compounds at the expense of levoglucosan.  
 
Figure 1. Postulated pyrolysis mechanisms of cellulose covalently linked with lignin. (L: 
lignin) 
As seen from the data in Table 4, the formation of many of the lignin-derived phenols 
was slightly enhanced during the pyrolysis of the native cellulose-lignin. Relative to the 
physical mixture, a 1.75 wt% increase in the total amount of phenols was observed, 
accompanied with a 0.81 wt% decrease in CO2 yield. Additionally, the char yield for the 
native cellulose-lignin was decreased by 5.79 wt% relative to the physical mixture. It is 
important to note that cornstover lignin prepared using the Organosolv process was used in 
the physical mixture of cellulose and lignin. Therefore, a possible explanation for the small 
differences in products might be due to differences in chemical structure between native and 
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Organosolv lignin. Native lignin was likely to have a higher degree of polymerization 
compared with Organosolv lignin, which was isolated by hydrolytic cleavage of ether bonds 
from lignocellulosic cornstover. Due to this hydrolytic cleavage, the Organosolv process was 
likely to created more hydroxyl groups.
[34]
 These hydroxyl groups formed in Organosolv 
lignin extraction would tend to decrease the volatility of its pyrolytic products, which could 
facilitate char formation. Furthermore, as opposed to the hydrolytic cleavage in the 
Organosolv process, the pyrolytic cleavage of ether bonds in the native lignin would form 
phenols with unsaturated bonds at the cleaving end, which could lead to higher yield of 
phenols with an unsaturated end (shown in Table 4.).  
3.4 Cellulose-lignin Interaction Effects in Different Feedstocks 
The previous section shows that interaction effects had been observed during primary 
pyrolysis of native cornstover cellulose-lignin. When pyrolyzing the native mixture, 
levoglucosan yield became smaller than from either the physical mixture or superposition the 
pure biopolymers while yields of furans and low molecular weight products showed the 
opposite trend. To explore this interaction effect more extensively additional biomass sources 
were examined. It has been proposed that the relative abundance of covalent linkages 
between cellulose and lignin is non-uniform for different types of biomass. As mentioned 
previously, Jin et al. performed a carboxymethylation experiment to verify the existence of 
covalent bonds between cellulose and lignin in both hardwood and softwood and concluded 
that such linkages are more abundant in softwood than hardwood.
[7]
 Unfortunately, this 
method was more qualitative than quantitative as even one covalent linkage between 
cellulose and lignin would prevent the entire cellulose chain from dissolving into the aqueous 
phase. Zhou et al. developed an isotopic method that used the O
18
/O
16
 ratio to quantify the 
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oxygen containing covalent linkages between cellulose and lignin in cornstover and A. 
cunninghamii wood.
[28]
 Their results suggested more extensive covalent bonds between 
cellulose and lignin in cornstover than in A. cunninghamii. If as suggested by these reports 
the number of covalent linkages between cellulose and lignin varies for different types of 
biomass, the pyrolysis products resulting from native cellulose-lignin samples relative to 
their physical mixture should be dependent on the type of biomass used.  
To explore this possibility, three additional types of biomass, pine, red oak and 
switchgrass, which are also popular feedstocks, were selected for further study. Pine is a 
typical softwood and red oak is a typical hardwood, while switchgrass represented another 
type of herbaceous biomass. All three biomass types were pretreated to remove their 
hemicellulose component using the same method as used for cornstover hemicellulose 
removal. Results for the sample composition analysis after the hemicelluloses removal are 
listed in Table 1.  As can be seen, the hemicelluloses were successfully removed in all of the 
samples. 
The product distributions resulting from the pyrolysis of the native cellulose-lignin 
samples obtained from pine and red oak are shown in Table S5 in the Supplementary 
materials. As the lignin composition in these biomass sources would not be the same, the 
interaction effects can be examined most clearly by comparing the products that were only or 
primarily derived from cellulose. This comparison was performed by selecting the yields of 
the cellulose-derived species and dividing these values by the corresponding cellulose weight 
content in the native mixtures. The values for the normalized yields are listed in Table S5 in 
the column named “Normalized yield on cellulose composition” and the normalized yield 
can be compared with the standard yield expected for cellulose given in the last column.  
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Unlike the result with the cornstover-derived cellulose-lignin sample, the 
levoglucosan yield for each of the wood native samples was not diminished compared to the 
standard yield from pure cellulose. There were two possible reasons for the intact 
levoglucosan yield. One possibility was that the number of such covalent bonds in pine and 
red oak was significantly fewer than the number of such bonds in cornstover. Another reason 
might be that fewer covalent linkages within the cellulose-lignin in red oak or pine are 
located in the C6 position. As discussed above, previous studies
[28-32]
 have shown that the C6 
position on glucosyl ring is the most likely bond location between cellulose and lignin for 
woody biomass, so it is probable that there are fewer covalent bonds.  
Table S6 in the Supplementary materials shows the pyrolytic product distribution for 
the switchgrass cellulose-lignin sample. As with the wood-derived samples, the normalized 
yields of the cellulose-derived products were compared with the ones from pure cellulose 
pyrolysis. It was clear from these results that the levoglucosan yield was diminished 
accompanied by increased yields for the furans and low molecular weight compounds 
suggesting an interaction effect within the switchgrass cellulose-lignin sample. This 
interaction behavior matched well with that observed for the cornstover cellulose-lignin 
sample both qualitatively and quantitatively. For the switchgrass cellulose-lignin sample, the 
levoglucosan yield based on cellulose composition was 41.33 wt% and for the cornstover 
cellulose-lignin sample, the levoglucosan yield was 25.34 wt% (Table 4), which would 
correspond to 39.60 wt% after normalization on its cellulose composition. For the other 
cellulose-derived products, similar yield results were also observed for both of the 
herbaceous biomass sources. The HSD test for the yield of levoglucosan and its furanose 
isomer from different feedstocks are shown in Table S9.   
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In summary, the interaction effects between the cellulose and lignin in the native 
samples were apparent for herbaceous biomass, leading to the depressed formation of 
levoglucosan and enhanced formation of low molecular weight compounds and furans. 
However, the interaction effects were much weaker or negligible in the case of woody 
biomass. Considering that these interaction effects were most likely due to covalent linkages 
between cellulose and lignin, it might be suggested that herbaceous biomass has more 
cellulose-lignin covalent linkages than woody biomass. This conclusion would be completely 
consistent with the results from Zhou et al.
[28]
 
4 Conclusions 
Under primary reaction regime in fast pyrolysis, negligible interactions were found 
for physical mixture of either cellulose-hemicellulose or cellulose-lignin. No significant 
interaction was identified for native cellulose-hemicellulose mixture either. For herbaceous 
native cellulose-lignin mixture, apparent interaction was found as levoglucosan yield was 
diminished and yield of low molecular weight compounds and furans increased. However, 
woody native cellulose-lignin samples did not show the interaction effects. It is speculated 
that this could be due to higher degree of covalent bonding between cellulose and lignin in 
the herbaceous biomass than woody biomass, which leads to levoglucosan having a greater 
difficulty to be formed. This work, combined with previous pyrolysis studies with single 
biopolymer components and the catalytic effect of inorganic salts, can help provide the basis 
to develop models that can be used to predict bio-oil compositions resulting from the primary 
reactions in the fast pyrolysis of different biomass types. 
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Supporting Information for: Chapter 3 
S1 Biomass Pretreatment 
Hemicellulose was extracted from cornstover by an aqueous ammonia treatment 
followed by hot water treatment. Cornstover, which was procured from the Agronomy Farm 
at Iowa State University, was ground and screened to a nominal size of 9–35 mesh. The 
sieved cornstover was first acid washed to remove inorganic salts as described previously.
[1]
 
After acid washing, the cornstover was exposed to a 15 wt% aqueous ammonia solution in a 
flow-through column reactor pressurized to 2.3 Mpa. The reactor was placed overnight in an 
oven set to a temperature of 170 
O
C to selectively cleave the ether bonds in lignin for 
delignification. Exhaustive washing with DI water was performed after the aqueous ammonia 
treatment. Then, the treated cornstover was firmly packed into a flow-through column 
reactor, which had temperature and pressure control. A 0.07 wt% sulfuric acid aqueous 
solution was passed through the reactor with flow rate of 5 ml min
-1
 at 180 
O
C under a 
pressure of 2.5 MPa. During the hot water treatment, the hydronium cation could initiate 
hemicellulose depolymerization and cleave acetyl groups with the latter acting as a catalyst 
for further depolymerization of hemicellulose.
[2]
 The depolymerized hemicellulose would 
enter the aqueous phase thus being separated from the treated cornstover. The passed through 
solution was collected and dried in vacuum at 50 
O
C, to obtain solid particles. The solid was 
then acid washed with the same condition as previously and ground into a fine powder.   
The native binary mixtures from cornstover were prepared by selectively removing 
one component, either hemicellulose or lignin, from the original biomass. The native 
cellulose-lignin sample was obtained by hot water treatment using the same conditions given 
above. After hot water treatment, the residue solid inside of the flow-through column reactor 
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was dried and ground into a fine powder using a ball mill. The native cellulose-hemicellulose 
mixture was obtained by delignification, using sodium chlorite and glacial acetic acid. 
Approximately 10 grams of cornstover was immersed in 320 ml DI water with an internal stir 
bar and with the Erlenmeyer flask then heated to 70 
O
C in a water bath. 1 ml acetic acid and 3 
g sodium chlorite were added into the flask hourly over a three hour period. During the 
process the Erlenmeyer flask was capped to maintain the generated chlorine and chlorine 
dioxide within the flask. The lignin was oxidized and depolymerized by the strong oxidant so 
that it became soluble in water. After 3 hours, the solution was cooled to room temperature 
and filtered. The leftover solid (known as holocellulose) was then acid washed three times to 
remove alkaline and alkaline earth metal ions. The acid washed holocellulose was ground 
into a fine powder using a ball mill.    
S2 Pyrolyzer-GC-MS/FID Experiments 
The quartz pyrolysis tube inside of the single-shot micopyrolyzer had an inner 
diameter of 4.7 mm and a length of 114 mm. Helium gas, which served as the pyrolysis 
atmosphere and GC carrier gas, flowed through the pyrolysis system at a rate of 9.9 cm s
-1
. 
Before pyrolysis, the loaded cup was purged with helium for 30 seconds to remove oxygen 
inside the cup then dropped into the heated furnace. As demonstrated previously, maintaining 
a sample weight between 200-800 µg and particle size less than 75 µm ensured negligible 
heat transfer and mass transfer limitation.
[3]
 
The GC column contained a polar stationary phase consisting of 14% 
cyanopropylphenyl and 86% dimethylpolysiloxane, with a length of 60 m, inner diameter of 
0.250 mm and film thickness of 0.250 μm. The GC method consisted of an injection 
temperature of 300 
O
C, split ratio of 100:1 and a constant carrier gas flow of 1 ml min
-1
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through the column. The GC ramping program started with a 3 min hold at 35 
O
C, then 
increased to 300 
O
C at a rate of 5 
O
C min
-1
 and finally was held at 300 
O
C for 4 min. To 
identify products, the GC was connected to a mass spectrometer (MS) (Saturn 2000), using 
the electron ionization mode with a 10 μamp emission current in the m/z ranging from 10 to 
300.  The mass spectra peaks were compared with standard spectra of chemical compounds 
within the NIST library database. Then the chemical identities were verified by running 
standards of the matching chemicals in the same GC-MS system. As the column used had a 
similar stationary phase composition to previous reports, the elution order of the chemical 
compounds in chromatogram was expected to match.
[4,5]
 All the pure compounds used for 
peak confirmation were purchased from Sigma–Aldrich (US) except 4-vinyl phenol, which 
was purchased from Alfa Aesar (US). 
After product identification, a flame ionization detector (FID) was substituted for the 
MS for product quantification. The FID was held at 300 
O
C with an air flow rate of 300 ml 
min
-1
 and hydrogen flow rate of 30 ml min
-1
. The pure compounds used in product 
identification were also used in calibration of the FID results. Standard solutions of the 
identified chemicals (except for those discussed subsequently) were prepared by dissolving 
them in acetone, which eliminated solute-solvent interaction for the chemicals in the present 
work.
[3]
 The levoglucosan calibration was performed by pyrolyzing a known amount of 
levoglucosan in the micopyrolyzer-GC-FID system, which gave a single peak corresponding 
to levoglucosan as verified by MS. For the glycolaldehyde calibration, glycolaldehyde dimer 
was pyrolyzed at about 300 
O
C resulting in a single sharp peak in its chromatogram, which 
was proven to be glycolaldehyde by MS. For dianhydro-xylose (DAXP 1, DAXP 2, other 
DAXP 1 and other DAXP 2), which have a molecular weight of 114, a calibration curve of a 
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similar compound - 4-hydroxy-5-methyl-3-furanone (molecular weight 114) - was used to 
determine their yields. For anhydro-xylanpyranose (AXP, other AXP), dianhydro-
glucopyranose and levoglucosan-furanose, the calibration curve of levoglucosan was applied 
as the proxy to estimate their yields.
[6]
 Eight-point straight line calibration curves (with 
R
2≥0.95) obtained by running duplicate standards at four different concentration levels (or 
sample weight) were established for the pure compounds relating the peak area in the GC-
FID chromatogram to their respective standard concentration (or sample weight). As a result, 
forty eight compounds (excluding char and gaseous compounds) were identified based on 
their mass spectrum (see Table S4) and quantified. 
To measure the CO and CO2 generated during pyrolysis, a De-Jaye gas analyzer 
equipped with an infrared detector was connected to the split line of GC. The CO and CO2 
concentrations were recorded every second so the yield of CO and CO2 could be calculated 
by summing the amount of gas generated over time using the known overall gas flow rate. 
The char yield was obtained by weighing the sample cup before and after pyrolysis using a 
Mettler Toledo microbalance with a sensitivity of 1 μg. 
S3 Biomass Sample Characterization 
Carbohydrate and lignin content in the biomass samples was analyzed following the 
protocol from the NREL Chemical Analysis and Testing Stardard Procedures: NREL LAP, 
TP-510-42618. Before quantification, biomass samples underwent two-stage acid hydrolysis: 
1) 72 wt% sulfuric acid for 1 h at 30 
O
C; 2) 4 wt% sulfuric acid for 1 h inside of an autoclave 
with the temperature held at 120 
O
C. Solid residues after the two-stage hydrolysis were 
deemed acid insoluble lignin (AIL). Saccharides, which were in the liquid phase after 
hydrolysis, were quantified using a HPLC with a Bio-Rad Aminex HPX-87P column (Bio-
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Rad Laboratories, Hercules, CA) equipped with a refractive index detector. The acid soluble 
lignin (ASL) was quantified by measuring its absorbance at 320 nm in a UV-Visible 
spectrophotometer. Ash content in biomass was determined by oxidizing sample at 575 
O
C 
for 6 h inside of a thermogravimetric analyzer (Mettler-Toledo Analytical).  
Induced-coupled plasma mass spectrometry (ICP-MS) was used to analyze the metal 
ion concentration in the biomass samples. Approximately 100 mg of biomass sample was 
added into a 25 ml digestion tube with 10 ml of concentrated nitric acid. The digestion tube 
was sealed and placed in a microwave for a pressurized heating program: 1) 40 psi for 6 min; 
2) 85 psi for 6 min; 3) 140 psi for 10 min. After digestion, 1 g of solution was taken out and 
diluted into 30 ml of 1 wt% nitric acid. The metal ions were then identified and quantified by 
ICP-MS after the equipment had been calibrated using standard solutions. The metal ion 
content in biomass was calculated by incorporating the dilution factor.    
S4 Tukey Honest Significant Difference Test 
The Tukey honest significant difference (HSD) test was used to determine whether 
the product yields from native mixture, physical mixture and superposition was significantly 
different. Compared to the student t-test, the HSD test has larger least squares difference 
intervals, which decreases the chance of committing type 1 errors. For the current statistical 
analysis, 0.05 was chosen as the probability of type 1 error (α). The yields connected by the 
same letter means they are not significantly different.  
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Table S1 Component analysis of hemicellulose extracted from cornstover
a
 
Components Hemicellulose composition 
Glucan 0.2 
Xylan 57.2 
Galactan 0.0 
Arabinan 3.7 
Mannan 0.0 
AIL
b
 18.9 
ASL
c
 2.3 
Ash 1.1 
Total 83.5 
a
 All numbers are in wt%; 
 b
 acid insoluble lignin; 
c
 acid soluble lignin. 
  
  
1
1
1
 
Table S2 Mineral content for pretreated biomass samples
a
  
Element Na Mg Al Si K Ca Fe Cu Zn 
Hemicellulose 22.3 0.6 2.8 - 33.4 4.3 <5 2.3 0.8 
Cornstover cellulose-hemicellulose 20.1 6.8 3.1 - 10.8 48.7 <5 5.0 1.9 
Cornstover cellulose-lignin < 8 5.4 22.3 1670.0 < 7 52.5 45.8 15.3 52.3 
Pine cellulose-lignin < 7 7.0 15.4 - < 5 32.4 24.6 8.5 20.7 
Red oak cellulose-lignin < 10 5.8 18.6 - < 10 25.4 19.7 7.2 6.0 
Switchgrass cellulose-lignin < 10 6.7 11.0 - < 10 30.5 20.1 4.5 0.5 
a
 Element content is in ppm. 
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Table S3 Pyrolysis product distribution of the isolated hemicellulose
a
 
Compound
b
 Hemicellulose Std. Dev. 
formaldehyde 0.25 0.02 
Acetaldehyde 1.15 0.07 
Furan 0.10 0.00 
Acetone 0.13 0.02 
Methyl glyoxal 3.31 0.31 
2-methyl furan 0.09 0.00 
Glycolaldehyde 12.85 1.09 
Acetic acid 0.18 0.02 
Acetol 1.20 0.04 
2-furaldehyde 2.20 0.12 
2-furan methanol 0.31 0.02 
3-furan methanol 0.17 0.01 
Other DAXP 1 0.49 0.02 
5-methyl furfural 0.64 0.04 
DAXP 1 2.83 0.23 
2(5H)-furanone 0.49 0.04 
DAXP 2 13.34 0.20 
2-hydroxy-3-methyl-2-cyclopenten-1-one 0.20 0.02 
Other DAXP 2 0.88 0.07 
5-(hydroxymethyl)-2-furancarboxaldehyde 0.20 0.00 
Other AXP 7.14 0.62 
Levoglucosan 0.81 0.03 
Levoglucosan-furanose 0.13 0.00 
Char 9.44 1.19 
CO 1.72 0.26 
CO2 6.02 0.59 
Water (calculated) 14.98 - 
Total 81.25 2.75 
a
 All numbers are in wt%, yield was normalized based on carbohydrate content; 
b
 only 
carbohydrate derived products are shown. 
  
  
1
1
3
 
Table S4 Retention times of the peaks, major ion(s) detected and the name of the corresponding chemical species identified 
(Refer to Fig. S1 and S2 for peak numbers) 
Peak 
no. 
Retention time 
 (min.) 
Major ions Calibration range 
 (wt. %)
b
 
r
2
 value Compound name 
1 4.92 29,30 0.0-5.0 0.95 Formaldehyde 
2 5.43 18, 29, 44 0.0-5.0 0.99 Acetaldehyde 
3 5.62 15, 29, 31, 32 0.0-10.0 0.99 Methanol 
4 6.06 29, 38, 39, 68, 0.0-5.0 0.98 Furan 
5 6.53 27, 28, 43, 58 0.0-5.0 0.99 Acetone 
6 6.66 15, 29, 42, 43 0.0-5.0 0.98 Methyl glyoxal 
7 7.62 39, 53, 82 0.0-5.0 0.98 2-methyl furan 
8 9.57 43, 60 0.0-25.0 0.97 Glycolaldehyde 
9 11.43 43, 60 0.0-20.0 0.98 Acetic acid 
10 12.03 43, 74 0.0-20.0 0.99 Acetol 
11 16.52 55, 85 - - Unidentified (mol. wt. 86)
a
 
12 17.59 39, 96 0.0-5.0 0.99 2-furaldehyde 
13 19.01 53, 68, 81, 98 0.0-2.5 0.99 2-furan methanol 
14 19.49 39, 55, 68, 98 0.0-2.5 0.99 3-furan methanol 
15 20.86 43, 102 - - Unidentified (mol. wt. 102)
a
 
16 21.82 43, 58, 55, 114 - - Other DAXP 1
a
 
17 22.05 53, 81, 110 0.0-2.5 0.99 5-methyl furfural 
  
1
1
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Table S4 Retention times of the peaks, major ion(s) detected and the name of the corresponding chemical species identified 
(Refer to Fig. S1 and S2 for peak numbers) 
Peak 
no. 
Retention time 
 (min.) 
Major ions Calibration range 
 (wt. %)
b
 
r
2
 value Compound name 
18 22.17 27, 43, 55, 86, 114 - - DAXP 1
a
 
19 22.96 26, 27, 54, 84 0.0-5.0 0.99 2(5H)-furanone 
20 23.68 29, 58, 85, 114 - - DAXP 2
a
 
21 24.35 39, 55, 69, 112 0.0-6.0 0.99 2-hydroxy-3-methyl-2-cyclopenten-1-one 
22 25.16 39, 65, 94 0.0-5.0 0.99 Phenol 
23 25.86 53, 81, 109, 124 0.0-5.0 0.99 2-methoxy phenol 
24 25.84 43, 55, 58, 114 - - Other DAXP 2
a
 
25 26.61 39, 51, 79, 107 0.0-5.0 0.99 2-methyl phenol 
26 27.6 39, 51, 79, 108 0.0-5.0 0.99 4-methyl phenol 
27 28.8 67, 123, 138 0.0-5.0 0.99 2-methoxy-4-methyl phenol 
28 30.05 107, 122 0.0-5.0 0.99 3-ethyl phenol 
29 31.1 137, 152 0.0-5.0 0.99 4-ethyl-2-methoxy phenol 
30 31.9 39, 69, 98, 144 - - 1,4;3,6-dianhydro-α-D-glucopyranosea 
31 32.13 29, 43, 73, 86, 114 - - AXP
a
 
32 32.37 63, 91, 107, 120 0.0-10.0 0.99 4-vinyl phenol 
33 32.61 77, 91, 107, 135, 150 0.0-5.0 0.99 2-methoxy-4-vinyl phenol 
34 33.23 55, 113, 149, 164 0.0-5.0 0.99 Eugenol 
  
1
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Table S4 Retention times of the peaks, major ion(s) detected and the name of the corresponding chemical species identified 
(Refer to Fig. S1 and S2 for peak numbers) 
Peak 
no. 
Retention time 
 (min.) 
Major ions Calibration range 
 (wt. %)
b
 
r
2
 value Compound name 
35 33.39 39, 97, 109, 126 0.0-5.0 0.99 5-(hydroxymethyl)-2-furancarboxaldehyde 
36 33.91 93, 111, 139, 154 0.0-5.0 0.99 2, 6-dimethoxy phenol 
37 35.28 39, 69, 98, 144 - - Dianhydro glucopyranose
a
 
38 35.67 29, 57, 73, 86, 114 - - Other AXP
a
 
39 35.91 77, 103, 133, 164 0.0-5.0 0.99 Iso-eugenol 
40 36.16 107, 125, 153, 168 0.0-5.0 0.99 4-methyl-2,6-dimethoxyphenol 
41 39.25 91, 137, 165, 180 0.0-5.0 0.99 3’,4’-dimethoxy acetophenone 
42 39.67 91, 137, 167, 194 0.0-5.0 0.99 4-allyl-2,6-dimethoxyphenol 
43 42.11 91, 179, 194 - - 4-allyl-2,5-dimethoxypheno
a
 
44 42.21 60, 73, 126, 145 0.0-60.0 0.98 Levoglucosan 
45 42.78 139, 151, 167, 182 0.0-5.0 0.99 3,5-dimethoxy-4-hydroxy benzaldehyde 
46 44.21 153, 181, 196 0.0-5.0 0.99 3’,5’-dimethoxy-4’-hydroxy acetophenone 
47 45.09 73, 85, 126, 145 - - Levoglucosan-furanose
a
 
48 55.69 71, 149, 167 - - Unidentified (Mol. Wt. 280)
a
 
a
 Not confirmed by pure standards; 
b
 based on 0.5 mg of feedstock. 
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Table S5 Pyrolysis product distribution of native cellulose-lignin from pine and red oak and comparison of cellulose derived 
pyrolysis products yields
a
 
Compounds Pine 
cellulose-lignin 
Normalized yield 
on cellulose 
composition 
Red oak 
cellulose-lignin 
Normalized yield 
on cellulose 
composition 
Cellulose 
Acetaldehyde 1.03  0.81   
Methanol 0.67  1.44   
Furan 0.06  0.08   
Acetone 0.11  0.12   
Methyl glyoxal 0.84 1.97 0.48 0.91 1.02 
2-methyl furan 0.04  0.05   
Glycolaldehyde 4.23 9.85 2.77 5.26 7.16 
Acetic acid 0.31  0.60   
Acetol 0.37 0.87 0.29 0.55 0.36 
2-furaldehyde 0.20 0.48 0.21 0.40 0.33 
2-furan methanol 0.07 0.16 0.06 0.11 0.07 
3-furan methanol 0.06 0.14 0.07 0.13 0.04 
5-methyl furfural 0.06 0.14 0.11 0.21 0.05 
2(5H)-furanone 0.06  0.05   
MW 114 DAXP 2 0.34 0.79 0.32 0.61 0.46 
2-hydroxy-3-methyl-2-cyclopenten-1-
one 
0.12 0.28 0.12 0.23 0.08 
Phenol 0.14  0.05   
2-methoxy phenol 0.82  0.57   
Other DAXP 2 0.01 0.02 0.00 0.00 0.24 
2-methyl phenol 0.06  0.03   
4-methyl phenol 0.10  0.06   
2-methoxy-4-methyl phenol 1.44  0.53   
3,5-dimethyl phenol 0.06  0.00   
3-ethyl phenol 0.04  0.02   
4-ethyl-2-methoxy phenol 0.21  0.08   
4-vinyl phenol 0.07  0.00   
2-methoxy-4-vinyl phenol 0.52  0.22   
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Table S5 Pyrolysis product distribution of native cellulose-lignin from pine and red oak and comparison of cellulose derived 
pyrolysis products yields
a
 
Compounds Pine 
cellulose-lignin 
Normalized yield 
on cellulose 
composition 
Red oak 
cellulose-lignin 
Normalized yield 
on cellulose 
composition 
Cellulose 
Eugenol 0.08  0.03   
5-(hydroxymethyl)-2-
furancarboxaldehyde 
0.52 1.22 0.52 0.99 0.98 
2,6-dimethoxy phenol 0.00  0.60   
Dianhydro glucopyranose 0.69 1.60 0.67 1.27 2.58 
Other AXP 0.15 0.35 0.04 0.07 0.43 
Iso-eugenol 0.69  0.22   
4-methyl-2,6-dimethoxyphenol 0.00  1.09   
3’,4’-dimethoxy acetophenone 0.00  0.22   
4-allyl-2,6-dimethoxyphenol 0.00  0.18   
Levoglucosan 24.58 57.31 29.53 56.04 55.50 
3,5-dimethoxy-4-hydroxy 
benzaldehyde 
0.00  0.07   
3’,5’-dimethoxy-4’-hydroxy 
acetophenone 
0.00  0.10   
Levoglucosam-furanose 1.61 3.75 2.44 4.62 3.84 
CO 2.40  2.98   
CO2 7.09  7.85   
Char 26.70  22.30   
Total 76.55 78.93 77.99 71.38 73.12 
a
 All numbers are in wt%. 
 
 
  
  
1
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Table S6 Pyrolysis product distribution of native cellulose-lignin from switchgrass and comparison of cellulose 
derived pyrolysis products yields
a
 
Compounds Switchgrass cellulose-lignin Normalized yield on  
cellulose composition 
Cellulose 
Acetaldehyde 1.03   
Methanol 0.44   
Furan 0.07   
Acetone 0.11   
Methyl glyoxal 1.43 2.24 1.02 
2-methyl furan 0.06   
Glycolaldehyde 9.52 14.92 7.16 
Acetic acid 0.14   
Acetol 0.75 1.17 0.36 
2-furaldehyde 0.29 0.45 0.33 
2-furan methanol 0.09 0.15 0.07 
3-furan methanol 0.09 0.14 0.04 
5-methyl furfural 0.19 0.29 0.05 
2(5H)-furanone 0.17   
DAXP 2 0.37 0.58 0.46 
2-hydroxy-3-methyl-2-cyclopenten-1-one 0.21 0.33 0.08 
Phenol 0.17   
2-methoxy phenol 0.46   
Other DAXP 2 0.00 0.00 0.24 
2-methyl phenol 0.04   
4-methyl phenol 0.18   
2-methoxy-4-methyl phenol 0.39   
3-ethyl phenol 0.10   
4-ethyl-2-methoxy phenol 0.13   
4-vinyl phenol 0.86   
2-methoxy-4-vinyl phenol 0.47   
Eugenol 0.04   
5-(hydroxymethyl)-2-furancarboxaldehyde 1.02 1.60 0.98 
2,6-dimethoxy phenol 0.24   
  
1
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Table S6 Pyrolysis product distribution of native cellulose-lignin from switchgrass and comparison of cellulose 
derived pyrolysis products yields
a
 
Compounds Switchgrass cellulose-lignin Normalized yield on  
cellulose composition 
Cellulose 
Dianhydro glucopyranose 1.03 1.61 2.58 
Other AXP 0.15 0.24 0.43 
Iso-eugenol 0.29   
4-methyl-2,6-dimethoxyphenol 0.33   
3’,4’-dimethoxyl acetophenone 0.12   
4-allyl-2,6-dimethoxyphenol 0.08   
Levoglucosan 26.37 41.33 55.50 
4-allyl-2,5-dimethoxyphenol 0.35   
3,5-dimethoxy-4-hydroxy benzaldehyde 0.08   
3’,5’-dimethoxy-4’-hydroxy acetophenone 0.07   
Levoglucosan-furanose 1.01 1.58 3.84 
CO 1.70   
CO2 5.86   
Char 13.80   
Total 70.26 66.63 73.12 
a
 All numbers are in wt%. 
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Table S7 HSD test for yield of levoglucosan and levoglucosan-furanose from cellulose-
hemicellulose binary system 
(a) Levoglucosan 
Sample 
~Letter 
Column A Mean
a
 
Native cellulose/hemicellulose from cornstover A 30.87 
Physically mixed cellulose/hemicellulose A 29.56 
Superposition A 31.74 
 
(b) Levoglucosan-furanose 
  
Sample 
~Letter 
Column A Mean
a
 
Native cellulose/hemicellulose from cornstover A 2.65 
Physically mixed cellulose/hemicellulose A 1.95 
Superposition A 2.23 
   
a
 All numbers are in wt%.  
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Table S8 HSD test for yield of cellulose derived major product from cornstover cellulose-
lignin binary system 
(a) Levoglucosan 
Sample 
 
~Letter 
Column A 
~Letter 
Column B 
Mean
a 
 
Native cellulose/lignin  B 25.34 
Physically mixed cellulose/lignin A 
 
35.8 
Superposition A 
 
35.62 
(b) Levoglucosan-furanose 
 
 
 
 Sample 
 
~Letter 
Column A 
~Letter 
Column B 
Mean
a 
 
Native cellulose/lignin  B 0.99 
Physically mixed cellulose/lignin A 
 
2.5 
Superposition A 
 
2.46 
 
(c) Glycolaldehyde 
   Sample 
 
~Letter 
Column A 
~Letter 
Column B 
Mean
a 
 
Native cellulose/lignin A 
 
12.26 
Physically mixed cellulose/lignin  B 5.01 
Superposition  B 5.03 
 
(d) 5-(hydroxymethyl)-2-furancarboxaldehyde 
Sample 
 
~Letter 
Column A 
~Letter 
Column B 
Mean
a 
 
Native cellulose/lignin A 
 
1.55 
Physically mixed cellulose/lignin 
 
B 0.64 
Superposition 
 
B 0.64 
 
(e) Methyl glyoxal 
   Sample 
 
~Letter 
Column A 
~Letter 
Column B 
Mean
a 
 
Native cellulose/lignin A 
 
2.22 
Physically mixed cellulose/lignin 
 
B 0.75 
Superposition 
 
B 0.74 
a
 All numbers are in wt%.  
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Table S9 HSD test for yield of levoglucosan and levoglucosan-furanose from different native 
cellulose-lignin 
(a) Levoglucosan 
Sample 
 
~Letter 
Column A 
~Letter 
Column B 
Mean
a 
 
Native cellulose/lignin from cornstover  B 1.41 
Native cellulose/lignin from switchgrass  B 1.58 
Native cellulose/lignin from red oak A  4.62 
Native cellulose/lignin from pine A 
 
3.75 
Pure cellulose A  3.84 
 
(b) Levoglucosan-furanose 
   Sample 
 
~Letter 
Column A 
~Letter 
Column B 
Mean
a 
 
Native cellulose/lignin from cornstover  B 39.59 
Native cellulose/lignin from switchgrass  B 41.33 
Native cellulose/lignin from red oak A 
 
56.04 
Native cellulose/lignin from pine A  57.31 
Pure cellulose A  55.5 
a
 All numbers are in wt%, for mixtures, yield is normalized based on cellulose content in the 
mixture.  
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Figure S1. Chromatograph showing the pyrolysis products from a) cellulose, b) 
hemicellulose, c) cellulose-hemicellulose physical mixture and d) cellulose-hemicellulose 
native sample. 
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Figure S2. Chromatograph showing the pyrolysis products from a) cellulose, b) lignin, c) 
cellulose-lignin physical mixture and d) cellulose-lignin native sample. 
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Abstract 
An acid-base bi-functional catalyst was synthesized by treating a natural mixed metal 
oxide, serpentine, with sulfuric acid. Catalyst characterization revealed the number of acidic 
and basic sites increased after the acid treatment due to the large increase in surface area. 
Stronger acid sites were introduced by the formation of bridged hydroxyl groups between a 
Si atom and a heteroatom during acid treatment, as inferred by H NMR and NH3-TPD 
analysis. Results from SEM-EDS and H NMR suggest acidic and basic sites are closely 
jointed together in the bi-functional catalyst. Catalytic conversion of carbohydrate-derived 
bio-oil model compounds has been performed in a fixed bed reactor over different acid/base 
catalysts. Eight single bio-oil model compound and two binary mixtures of model 
compounds were used as reactants. For each set of experiments, the same number of 
acid/basic sites was used among different catalysts. Reactivity of these model compounds 
was found to be strongly relative to the number of oxygen containing functional groups in the 
reactant. The result from the two binary mixtures shows the acid-base bi-functional catalyst 
had the highest activity in aldol condensation reactions. The best deoxygenation was also 
observed for the bi-functional catalyst during catalytic conversion of the single model 
compound. Reaction pathways were proposed according to an isotope labeling study. 
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Deoxygenation reactions involved in the catalysis were presumably promoted by cooperative 
catalysis between closely neighbored acid and basic sites in the acid treated serpentine.   
1 Introduction 
Fast pyrolysis is a promising technology, which can convert renewable biomass into 
liquid products, called bio-oil, in an efficient fashion.
[1,2]
 The bio-oil has potential to be used 
as fuels after being properly upgraded, providing an alternative energy to fossil fuel. Also, 
biorenewable chemicals derived from fast pyrolysis provide the feasibility to replace 
petrochemicals or alleviate dependence on petrochemicals. Furthermore, greenhouse gas 
emissions can be better controlled if the bio fuel could partially substitute the fossil fuel due 
to a much shorter carbon life cycle for the former. However, the bio-oil has several 
disadvantages compared to traditional fuels, mainly derived from its high oxygen content.
[2]
 
As a result, the bio-oil has low energy density. Moreover, abundance of oxygen containing 
functional groups also causes instability and corrosivity. These undesired features would 
cause problems associating with transportation, storage and energy supply. Therefore, 
upgrading the bio-oil is necessary to remove the excessive oxygen to meet requirements as an 
energy source.  
Fast pyrolysis of biomass has a complex reaction network including dehydration, 
decarbonylation, fragmentation, isomerization, condensation, polymerization, etc. Various 
chemicals are generated, such as aldehydes, ketones, acids, alcohol, furans, sugars, phenols, 
etc.
[3-5]
 The complexity would be exacerbated if a catalyst were involved. To alleviate the 
complexity, many researchers focused on upgrading bio-oil model compounds instead of the 
whole bio-oil to build up mechanistic insights in this process. Extensive studies have been 
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performed for hydrodeoxygenation of bio-oil model compounds.
[6-14]
 Relatively fewer studies 
were performed on catalytic upgrading of bio-oil model compounds in inert atmosphere, 
where zeolites have received the most attention.
 [15-22]
 These model compounds includes 
furans, acids, esters, ketones, alcohols, phenols, etc. 
Generally, similar types of aromatics and olefins were observed as products from the 
catalysis of bio-oil model compounds over zeolites. It was therefore suggested that common 
intermediates are involved in this process. Catalysis on acid sites and size-selectivity of the 
zeolite dictates the product distribution. The proposed mechanism is hydrocarbon pool 
theory.
[18,23,24]
 The oxygenates diffuse into zeolite channel and undergo a series of reactions 
to remove oxygen in terms of CO, CO2 and H2O, ending up with hydrocarbons and coke. 
Different reactivity for model compounds was reported as phenols had lower conversion than 
acids, esters, ketones and alcohols.
[19]
 Although the monoaromatics and olefins produced 
from the zeolite catalysts can be used as petrochemicals, excessive amounts of polyaromatics 
were also formed, which are atmospheric pollutants.
[18,25,26] 
Co-feeding of the model 
compounds with chemicals having a higher energy content was reported as a way to improve 
the hydrocarbon yield and the selectivity toward monoaromatics. A higher yield of aromatics 
and olefins was reported by co-feeding furans with methanol.
[20]
 A synergistic effect between 
the reactants was proposed to promote methanol to olefins, Diels-Alder, and alkylation 
reactions. Similarly, higher selectivity towards xylene and toluene was reported by co-
feeding furans with propylene through Diel-Alder reactions.
[21]
 Graca et. al. found co-feeding 
of gasoil with acetic acid, phenol or hydroxyacetone over FCC equilibrium catalyst increased 
the conversion of these model compounds, resulting in a higher yield of hydrocarbons and 
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less coke formation. However, more economic concerns need to be addressed due to the 
increased cost for co-feeding.
[22]
  
In addition to zeolites, other catalysts were studied for upgrading bio-oil model 
compound in condensed phase reactions under elevated pressure. Kunkeset. al. reported 
catalytic conversion of glucose and sorbitol to monofunctional hydrocarbons and fuels 
through cascade flow reactors with different catalysts in each flow reactor.
[27]
 The pressure 
used for these reactors ranged from 5 bar to 55 bar. Pt-Re/C was used in the first reactor to 
produce hydrogen and chemicals with single oxygen functional group through C-C and C-O 
bond scission. The produced hydrogen could be used in the following reactor where 
CuMg10Al7Ox, Pd/CeZrOx, and CeZrOx were used as catalysts for hydrodeoxygenation, aldol 
condensation, ketonization, etc, to tune the final product distribution. To remove oxygen and 
create longer chain chemicals out of small aldehydes and ketones in bio-oil, Snell et. al. 
examined aldol condensation of acetaldehyde, acetone and methyl ethyl ketone in a batch 
reactor pressurized to 350 psig at 150 
O
C over aluminum phosphate, known as an acid-base 
bi-functional catalyst.
[28]
 It was proposed that under the reaction condition, acid and basic 
sites were both necessary for aldol condensation. 
To date, except for zeolites, few studies were performed for upgrading bio-oil model 
compounds under in situ fast pyrolysis conditions. Acid and base catalysts are receiving great 
interests for oxygen removal during biomass fast pyrolysis since they can catalyze C-O and 
C-C bond cleavage, such as dehydration, decarboxylation and decarboxylation reactions.
[29-
33]
 During the catalytic deoxygenation, O in bio-oil is mainly removed in the form of CO, 
CO2 and H2O. However, detailed reaction pathways were not clear due to the inherent 
complexity of this process. Acid-base bi-functional catalysts were proposed to facilitate 
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carbon-carbon bond forming reactions, which could preserve carbon from small molecules 
by forming larger and more stable molecules.
[28,34-37]
 The carbon-carbon forming reactions 
are usually accompanied with dehydration, which further contribute to oxygen removal. 
Therefore, it might be promising to use acid-base bi-functional catalyst for upgrading bio-oil 
model compounds since small molecules would be formed by the C-O and C-C cleavage 
promoted by acid or basic site and then generate larger molecules by condensation reactions 
among them. To our knowledge, acid-base bi-functional catalyst has not been investigated 
for catalytic deoxyegntion of bio-oil model compounds in fast pyrolysis conditions. In the 
current study, cost-effective acid, base and acid-base bi-functional catalysts were 
systematically examined for catalytic conversion of bio-oil model compounds at typical fast 
pyrolysis conditions in a fixed bed flow reactor. Silica-alumina and a super acid were chosen 
as acid catalysts while MgO was chosen as base catalyst. The acid-base bi-functional catalyst 
was prepared by acid treatment of a naturally abundant serpentine mineral, which is typically 
used for CO2 sequestration.
[38-40]
 It was reported that acid treatment could change the texture 
property of serpentine thereby forming a high surface area material, which increases 
accessibility for metal active sites.
[41-45]
 Since acid treatment could introduce acid sites and 
leach out base metals, the relative acidity versus basicity could be tuned by the strength of 
the acid treatment. A physical mixture of acid and base materials was also included in the 
comparison. Eight major products from carbohydrate pyrolysis, including acetaldehyde, 
acetone, acetol, methylglyoxal, methyl vinyl ketone, furfural, 5-methyl furfural and 
hydroxymethylfurfural (HMF), were chosen as model compounds. Moreover, two aldol 
condensation reactions were examined as carbon-carbon forming reactions, where two binary 
mixtures, formaldehyde/acetaldehyde and formaldehyde/acetone, were used as reactants. For 
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each set of experiments, the same number of acid/base sites was used among the acid, base 
and acid-base bi-functional catalysts to compare the deoxygenation performance. Products 
were online analyzed by gas chromatography (GC)-mass spectrometry (MS)/flame ionization 
detector (FID)/thermal conductivity detector (TCD). The scheme of the catalytic conversion 
was shown in figure 1. 
 
 
Figure 1. Scheme of catalytic deoxygenation of bio-oil model compounds. 
2 Experimental Methods 
2.1 Catalyst Preparation  
The information of chemicals was shown in supporting information. The received 
silica-alumina (grade 135) from Sigma-Aldrich contains 75 wt% of silica, 13 wt% of alumina 
and 11 wt% of volatiles. Synthesis of super acid was carried out according to Hino and 
Arata.
[46]
 Zirconium (IV) hydroxide was added into 1M sulfuric acid with a weight ratio of 1 
to 15. The solution was stirred for 1 h at room temperature followed by centrifugal 
separation. The solid was dried at 110 
O
C for 2 h and then calcined at 500 
O
C for 3 h. High 
surface area magnesium oxide (HA MgO) was prepared according to Bartley et. al.
[47]
 
Commercially available magnesium carbonate was calcined in air from 25 
O
C to 550 
O
C with 
a ramping rate of 10 
O
C/min and held at 550 
O
C for 2 h. The solid residue, which was 
magnesium oxide, was kept in a desiccator. Serpentine was kindly provided from the 
Geology department of Iowa State University in a polymorph of chrysotile. The serpentine 
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was grounded using a ball mill into fine power. Acid treatment for serpentine was performed 
with a similar method as Teiret. al.
[40,44,45]
 The grounded serpentine was added into a sulfuric 
acid solution with a ratio of 1 to 10 by weight. Four concentrations, 1M, 1.5M, 2M and 3M, 
of sulfuric acid were used. The solution was stirred for 0.5 h at room temperature. The 
residue solid was separated by centrifuge and underwent copious washing with DI water until 
the pH value of effluent was 7. Then, the solid was dried at 110 
O
C for 2 h and stored in a 
desiccator. 
2.2 Catalyst Characterization  
Surface area, pore volume and pore size distribution of catalysts were analyzed using 
a Micromertitics ASAP 2020 and nitrogen physisorption at 77 K. Before measurement, the 
catalyst was degassed at 350 
O
C for 4 h with a heating rate of 10 
O
C/min. Induced-coupled 
plasma mass spectrometry (ICP-MS) was used to analyze metal content in the serpentine 
materials before and after acid treatment. Approximately 50mg of catalyst sample was added 
into a 25 ml digestion tube with 10 ml of acid mixture consisting of 23 % nitric acid and 23 
% hydrochloric acid. The digestion was carried out in a microwave with a pressurized 
heating program: 1) 40 psi for 6 min; 2) 85 psi for 6 min; 3) 140 psi for 10 min. Proper 
dilution was made after digestion and then the metal ions were identified and quantified by 
ICP-MS after using standard solutions for calibration. Elemental analysis was performed 
with an Elementar vario Micro cube to quantify C, H, N, S content in serpentine samples. 
Rice flour, purchased from Elemental Microanalysis, was used as a calibration standard. To 
remove moisture, samples were dried at 110 
O
C for 24 hours before the measurement. X-ray 
photoelectron spectroscopy(XPS) was performed to quantify surface composition of 
serpentine samples by using a Physical Electronics 5500 Multi-technique system. Al Kα 
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radiation was used and survey spectra were collected ranging from 0 to 1100 ev in terms of 
binding energy. Peak position was normalized by setting the binding energy of Si 2p3/2 at 
103.2 ev. The oxidation state of surface atoms was estimated based on NIST data base. For 
X-ray Diffraction (XRD) measurement, a Scintag XDS-2000 with Cu Kα radiation operated 
at -44kV /28 mA and a 0.2 detector receiving slit was used. Calcium oxide was used as an 
internal standard. 
1
H NMR spectra were recorded on a Bruker Avance 600 spectrometer. To remove 
interference from moisture, samples were dried at 110 
O
C for 24 hours and then transferred 
into rotors in a glove box. During the measurement, the sealed rotor was spun at 10 kHz. 768 
scans were accumulated to obtain a Hahn-echo spectrum. A FEI Quanta FE-SEM was used 
to obtain scanning electron micrographs (SEM) of the materials. An energy dispersive X-ray 
spectroscope (EDS) from Aztec Oxford Instruments was connected with the SEM. The EDS 
has an X-max 80-mm
2
 detector. Temperature Programmed Desorption (TPD) was used to 
characterize acid/base site of catalysts. The measurement was performed with a 
Micromeritics Autochem2920(II) Chemisorption Analyzer coupled with a Pfeiffer Vacuum 
Mass Spectrometry (MS). Ammonia (NH3) was used for acid site quantification. Prior to 
each measurement, the catalyst underwent in situ heat treatment at 550 
O
C under helium (He) 
to remove moisture and water from dehydration and then was cooled down to 50 
O
C. During 
the measurement, the acid catalyst was exposed to 10 % NH3 in He with a flow rate of 50 
cm
3
/min for 30 min. Next, the flow gas was switched to He with a flow rate of 20 cm
3
/min 
and the sample was heated to 100 
O
C with a rate of 10 
O
C/min and held for 90 min to release 
physisorbed NH3. Then the sample was heated up to 600 
O
C (900 
O
C for super acid) with a 
rate of 10 
O
C/min. Desorbed gas was recorded by thermal conductivity detector (TCD) and 
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MS for quantification and identification, respectively, during the measurement. For the 
basicity measurement, catalysts were exposed to pure CO2 with a flow rate of 50 cm
3
/min for 
30 min. To remove physically adsorbed CO2, a sample was held at 50 
O
C with a He flow of 
10 ml/min for 90 min. Then, the sample was heated up to 700 
O
C at a rate of 10 
O
C/min, 
during which desorbed gas was analyzed by TCD and MS.   
2.3 Isotope Labeled HMF Synthesis and Isotope Tracking 
In order to shed light on reaction pathways for catalytic conversion of HMF, isotopic 
labeled HMF was used. Due to lack of the commercial availability, isotope labeled HMF was 
synthesized from D-Glucose-1-
13
C and D-Glucose-6-
13
C according to Wang et. al. in a 
biphasic solvent system.
[48]
 5 mmol/L alumina chloride solution was saturated with sodium 
chloride, which acted as Lewis acid to catalyze glucose to fructose isomerization and 
subsequent dehydration. 100 mg of isotope labeled glucose and 3 g tetrahydrofuran (THF) 
were added into 1.5 g Lewis acid solution in a batch reactor. Then the reactor was sealed and 
put into an oil bath, which was preheated to 155 
O
C. The reaction solution was stirred for 90 
min resulting in a biphasic solution, where HMF and THF were in the nonpolar phase layer 
while Lewis acid and unconverted glucose were in the aqueous phase. The nonpolar phase 
was removed and dried in an oven at 40 
O
C to evaporate THF out of HMF. Purity of the 
synthesized isotope labeled HMF was quantified using a micro-reactor system described in 
following section. A purity of 78 wt% was obtained when the synthesized HMF was 
vaporized at 300 
O
C. Details on the characterization of the synthesized HMF was shown in 
supporting information. 
The catalytic conversion of the isotope labeled HMF was described in section 2.4. 
The mass spectra of products from catalytic conversion of isotope labeled HMF were used to 
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track the 
13
C distribution. Relative intensity of molecular ion with or without 
13
C was 
deconvoluted in consideration of contribution by proton loss.
[49,50]
 The contribution of M+1 
peak, which is derived from presence of natural 
13
C, was also considered. For a single 
product the relative intensities of deconvoluted molecular ions without 
13
C, with one 
13
C, and 
with more 
13
C were used to determine their relative abundance in terms of mole percentage. 
The mole percentage reveals content of this product containing no 
13
C, one 
13
C, two 
13
C or 
three 
13
C. During the calculation, standard mass spectra for pure chemicals in NIST data base 
were referred. 
2.4 Catalytic Conversion in a Fixed Bed Reactor  
Catalytic conversion of bio-oil model compounds over acid, base, acid-base bi-
functional and physical mixture of acid and base materials was investigated by using a 
Tandem micro-reactor system (Rx-3050 TR, Frontier Laboratories, Japan) at atmospheric 
pressure. Configuration of the micropyrolysis system is shown in figure 2. The first reactor 
was used to vaporize liquid or solid reactant, the temperature of which was kept at 300 
O
C in 
the current study. The vapor was swept by continuous He flow to the second reactor, where 
catalytic conversion occurs. The temperature of the second reactor was set at either 445 
O
C or 
500 
O
C, which are typical temperatures for fast pyrolysis. A fixed catalyst bed was packed 
inside of a quartz tube in the second reactor. To prevent bypass flow, particle size in the 
quartz tube was kept lower than 1/10 of the tube diameter and the length of the fixed bed was 
adjusted to 5 times of the tube diameter by mixing catalyst pellets with acid washed sand 
which was proven to be inert during catalysis. Both the catalyst pellet and inert sand particle 
was sieved to 50 - 70 mesh size and the bed was immobilized by quartz wool placed at both 
ends of the quartz tube. There are two interfaces in the micro-reactor system. The first one is 
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between the two reactors and the second one is between the second reactor and GC. The 
temperature for both interfaces was kept at 300 
O
C to minimize condensation of products. 
The products formed during the catalysis were online analyzed by GC (7890A, Agilent 
Technologies, USA), which was equipped by three detectors. A three-way splitter in front of 
columns enables simultaneous analysis by the three detectors. The MS was used for product 
identification. The FID was used to quantify condensable products and the TCD was used to 
quantify non-condensable gas, such as CO, CO2 and olefins. Details for temperature ramping 
program and calibration methods were shown in supporting information. 
Tested model compounds include acetaldehyde, acetone, acetol, methylglyxoal, 
methyl vinyl ketone, furfural, 5-methylfurfural and HMF. Moreover, two binary mixtures, 
formaldehyde/acetaldehyde and formaldehyde/acetone, were also fed into the reactor to 
examine aldol condensation. Considering the purity of 37 wt% for formaldehyde, a volume 
ratio of 3:1 was applied for the formaldehyde and acetaldehyde mixture as well as 
formaldehyde and acetone mixture to roughly obtain 1:1 molar ratio for the reactants. The 
reactant loading was 0.4 mg for a single model compound and 1 µl for the binary mixture. To 
prevent early catalyst deactivation, the catalyst to reactant mass ratio was kept larger than 10 
for serpentine. Loading for other catalysts was calculated based on the serpentine loading to 
ensure the same total amount of acid and/or basic site for each group of experiment. All 
experimental results were based on the average value of triplicate runs. Negligible change in 
product yield was observed during the triplicate runs. For the catalytic conversion of a single 
compound, the product distribution was reported as carbon yield, which was defined as 
moles of carbon in the product divided by moles of carbon in the reactant. The selectivity 
was defined as the carbon yield of a specific product divided by conversion of the reactant. 
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For aldol condensation between formaldehyde and acetaldehyde, the product yield was 
reported as moles of propenal formed divided by moles of acetaldehyde in the reactant. For 
aldol condensation between formaldehyde and acetone, product yield was reported as moles 
of methyl vinyl ketone formed divided by moles of acetone in the reactant.   
 
Figure 2. Configuration of Tandem micro-reactor system used in the current study. 
 
3. Results and Discussion 
3.1 Catalyst Characterization  
Table 1 and figure 3 show the nitrogen adsorption-desorption results for different 
catalysts. Pore volume was obtained at P/Po = 0.97 for the pores with diameter less than 75 
nm and the average pore size was calculated based on the BJH desorption curve. The 
adsorption and desorption curves in figure 3 show type IV isotherms, indicating mesoporous 
structure of serpentine materials. After acid treatment, BET surface area was 30 times higher 
and pore volume was 10 times higher. Moreover, after acid treatment a considerable amount 
of microporousity was generated and the average mesopore size was less than 1/3 of the 
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original value, which suggests the acid treatment facilitated the formation of micropores and 
small mesopores. The isotherms in figure 3 show apparent hysteresis starting at P/Po of 0.6 
and 0.4 for grounded serpentine and serpentine treated by 1M H2SO4 (serpentine 1M), 
respectively, which is consistent with formation of small mesopores during acid treatment. 
As shown in table 1, different H2SO4 concentrations in the acid treatment did not make a 
significant difference on textural properties for the serpentine materials. Table 1 also proved 
successful synthesis of HA MgO, which showed a two order of magnitude increase on the 
surface area compared to normal MgO.  
 
 
Figure 3. Nitrogen adsorption(red)-desorption(black) isotherms (right) and BJH desorption 
pore size distribution (left) for serpentine before and after acid treatment. 
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Table 1.Textural properties for grounded serpentine, acid treated serpentine, MgO and HA MgO 
  Catalyst 
 
BET surface area 
(m
2
/g) 
Pore volume 
(cm
3
/g) 
T-plot micropore 
volume (cm
3
/g) 
BJH average 
pore size (nm) 
Grounded serpentine 16.6 0.045 ~0 18.70 
Serpentine1M
a
 570.7 0.546 0.039 5.05 
Serpentine3M
b
 456.8 0.458 0.041 6.20 
MgO 1.2 - - - 
HA MgO 161.5 0.235 0.004 4.74 
a
: serpentine treated by 1M H2SO4; 
b
: serpentine treated by 3M H2SO4 
 
Table 2. Bulk composition (wt%) of serpentine samples from ICP-MS and elemental analysis 
Catalyst Mg
a
 Al
a
 Ca
a
 Fe
a
 S
b
 H
b
 C
b
 N
b
 Total metal 
Raw serpentine 24.07 0.12 4.07 3.34 0.03 0.61 2.19 0.01 31.60 
Serpentine 1M
c
 6.09 0.11 0.06 6.35 0.10 - 0.06 0.01 12.61 
Serpentine 1.5 M
d
 1.44 0.01 0.13 2.31 - - - - 3.89 
Serpentine 2M
e
 1.06 0.01 0.11 1.97 - - - - 3.16 
Serpentine3M
f
 0.65 0.01 0.60 1.54 3.33 1.35 0.14 0.01 2.37 
a
: data are from ICP-MS; 
b
: data are from elemental analysis; 
c
: serpentine treated by 1M H2SO4; 
d
: serpentine treated by 1.5M 
H2SO4;
e
: serpentine treated by 2M H2SO4; 
f
: serpentine treated by 3M H2SO4. 
 
Table 3.Surface composition (wt%) of serpentine samples from XPS  
Catalyst C1s O1s Mg2p Al2p Si2p S2p Ca2p Fe2p Total metal 
Rawserpentine 5.10 57.87 15.95 < 0.10 16.88 0.28 3.83 2.82 22.60 
Serpentine 1M 4.15 56.39 4.31 < 0.10 28.84 0.67 0.15 5.50 9.95 
Serpentine 1.5 M 2.92 58.58 0.55 < 0.10 35.23 1.41 0.17 1.14 1.86 
Serpentine 2M 4.67 57.72 0.48 < 0.10 35.46 1.34 0.03 0.30 0.81 
Serpentine 3M 4.22 56.50 0.37 < 0.10 30.70 3.99 0.30 0.12 0.78 
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The approximate composition of serpentine is Mg3Si2O5(OH)4, which varies by its 
origin and polymorph form.
[51]
 The bulk and surface composition of serpentine samples are 
shown in table 2 and table 3, respectively. The trend of metal content versus concentration of 
acid treatment is consistent between the bulk and surface. Apparent leaching occurred for Mg 
and Ca during acid treatment. Mg content decreased with increasing acid concentration, 
while Ca content decreased to a very low level. Interestingly, Fe content increased first and 
then decreased at increasing acid concentration. It is possible that unlike more concentrated 
H2SO4, the 1M H2SO4 could not dissolve Fe containing compounds in serpentine. Since other 
metals could be leached out even under 1M H2SO4 treatment, the Fe content increased at low 
concentration acid treatment and then decreased when more concentrated acid was used. 
Overall, total metal content decreased with increasing acid concentration. Meanwhile, both 
surface and bulk sulfur content increased with increasing acid concentration. Hydrogen 
content also increased after the serpentine was treated by 3M H2SO4, suggesting hydroxyl 
groups were introduced during the acid treatment. Considering silicic acid is synthesized by 
acidification of silicate salts, the hydroxyl groups were probably in the form of silanol.  
Figure 4 shows XPS scan of serpentine materials within specific range of binding 
energy representing Mg2p, Ca3s, Ca2p, S2p and Si2p. Integration of these peaks represents 
their content on the surface, as shown in table 3. Oxidation state and chemical bonding could 
be inferred by binding energy shifting according to the NIST database. Raw serpentine shows 
a wide Mg2p peak centered at 51 ev, which represents magnesium silicates ranging from 
50.46 to 51.15 ev.
[52,53,54]
 After acid treatment, the Mg2p peak was shifted to 49.5 - 50.25 ev, 
which might be attributed to formation of MgO.
[55]
 MgSO4 might also be formed, due to the 
wide peak of S2p centered at 169.5 ev.
[56]
 Ca might be mainly in the form of CaO for raw 
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serpentine, due to peak of Ca3s at 45 - 45.5 ev.
[57]
 The peak was shifted to 44.5 – 45 ev after 
acid treatment, which might be resulted from partial conversion of CaO to CaSO4.
[58]
 The 
formation of CaSO4 is also evident by the presence of a Ca2p peak centered at 348.25 ev
[59]
 
and S2p peak centered at 169.5 ev
[60,61]
.Taken together, acid treatment might partially 
convert magnesium silicate and CaO in raw serpentine into MgO, MgSO4 and CaSO4, 
respectively. 
  
  
Figure 4. XPS scan for serpentine before and after acid treatment. Unit for vertical axis is 
counts per second.  
Figure 4 and table 4 show chemisorption results for acidity/basicity measurements. 
Serpentine samples showed both acid and base character. After acid treatment, both the acid 
amount and strength increased. Generally, the acid amount and strength seemed proportional 
to acid concentration. The changes on acidity were not attributed to residue sulfuric acid 
since reproducible chemisorption results were observed after heat treatment at 600 
O
C, which 
is away above the decomposition temperature of sulfuric acid. The increase in acidity could 
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be explained by two reasons. Firstly, a significant increase was shown for the surface area 
after acid treatment, leading to an increase in acid amount. Secondly, silanol and sulfur 
groups were introduced, as suggested by H and S content in table 2, which might increase 
acid strength and number of acid sites. This would be further verified in H NMR section. 
During the chemisorption, the gas from desorption was recorded by MS to confirm the peaks 
in figure 5 are NH3. The result of TPD-MS was shown in figure S1 in supporting 
information. 
The super acid in figure 5 exhibits very strong acid sites represented by two peaks 
around 395 
O
C and 865 
O
C, which is the evidence of successful synthesis of super acid.
[62]
 
For silica-alumina a wide peak ranging from 100 to 540 
O
C was observed, which is in the 
similar range as acid treated serpentine. Therefore, the acid strength of silica-alumina is 
comparable to acid treated serpentine. 
Basicity also increased after acid treatment since the number of basic sites is strongly 
relative to surface area, as proven by comparison between normal MgO and HA MgO, even 
though the raw serpentine has more base metals. In contrast to the acidity measurement, base 
amount decreased with increasing acid concentration probably due to more metal leaching at 
more concentrated acid treatments as shown in table 2 and table 3. For serpentine materials, 
the magnesium contributed to the basicity since the position of their base peak matches the 
one from MgO. Ca and Fe might also contribute to the basicity but might play a weaker role 
than the Mg. Of note is that serpentine 1M had apparently more basic sites than serpentine 
treated by 1.5M- 3M acid due to its balance between surface area and metal leaching.
  
1
4
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Figure 5. NH3-TPD and CO2-TPD for acidity and basicity measurement, respectively. For each measurement, 50mg of sample was 
used.
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Figure 6. 
1
H NMR Hahn-echo spectrum of (a) raw serpentine, (b) serpentine 1M, and (c) 
serpentine 3M. 
The NMR spectrum for serpentine before and after acid treatment is shown in figure 6 
to further verify the source of acid sites. The two large peaks around 1.1 ppm and 0.8 ppm 
represent isolated silanols
[63,64]
 and silanol groups interacting with oxygen in framework,
[65,66]
 
respectively. Both peaks were reported to be non-acidic. A small peak around 1.8 ppm was 
observed for raw serpentine and serpentine 1M, which was attributed to weakly acidic 
terminal silanols.
[67,68]
 An apparent peak shoulder around 2.1 ppm was observed in figure 
6(b). The shoulder was ascribed to internal silanol groups which are strongly acidic.
[67]
 Also, 
a peak at 5.1 ppm in figure 6(b) and not in figure 6(a) was attributed to bridged hydroxyl 
groups. These bridged hydroxyls are between a Si atom and a heteroatom, which is Al for 
zeolites.
[63,65,67]
 For serpentine, the heteroatom might be Fe, Mg or Ca. These bridged 
(a) 
(b) 
(c) 
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hydroxyls were proposed to be strong acid sites.
[63,65,67]
  NH3-TPD results demonstrated after 
acid treatment, both acid amount and acid strength increased. The peak at 5.1 ppm and peak 
shoulder around 2.1 ppm in serpentine 1M inferred the presence of stronger acid site after 
acid treatment. The increase of weak acid sites was evident from peak integration at 1.8 ppm, 
which showed the intensity of this peak was three times larger in figure 6(b) than figure 6(a). 
For serpentine 3M, peaks representing weak acid and strong acid were overlapped, due to 
significant increase on both weak and strong acid site. 
 
 
Figure 7. SEM image for serpentine (a) grounded serpentine (b) serpentine 1M (c) serpentine 
3M. 
Figure 7 shows the SEM images for serpentine before and after acid treatment. It can 
be seen that acid treatment leads to the formation of coral-like porous agglomerate consisting 
of small constituents, which was resulted from corrosion or dissolution from sulfuric acid. 
The formation of high porosity structure is responsible for the increase of surface area and 
pore volume.     
  
  (a) (b) (c) 
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Table 4. Total acid/base amount for different catalysts 
 Raw  
serpentine 
Serpentine  
1M 
Serpentine  
1.5M 
Serpentine  
2M 
Serpentine  
3M 
Silica- 
alumina 
Super  
acid 
MgO HA  
MgO 
Total acid amount  
(mmol/g) 
0.049 0.144 0.133 0.145 0.270 0.577 0.270 - - 
Total base amount  
(mmol/g) 
2.02 7.79 5.37 4.98 4.60 - - 1.23 23.88 
  
  
1
4
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Figure 8. EDS spectrum for serpentine materials.
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Figure 8 and table S1 in the supporting information show EDS spectrum and 
composition of serpentine samples from the spectrum. The change of composition over acid 
treatment was consistent with the results from ICP and XPS. Rich areas for specific elements 
were pinpointed from SEM-EDS image within a diameter less than 1 µm, as shown in figure 
S2. The spectrum for these metal and sulfur rich areas was also shown in figure 8(b) and 
figure 8(c). It is shown that the Mg rich spot and Fe rich spot from acid treated serpentine 
also contained a large amount of Si and O, which was consistent with the existence of 
bridged hydroxyls from H NMR analysis. Moreover, the figure 8(c) shows the S rich area 
also contained considerable amount of Ca and Mg. This, combining with XPS results 
suggested the possible formation of sulfur-promoted metal oxides in serpentine 3M, which 
are highly acidic. The SEM-EDS maps of distribution of Mg, Fe, S, Si and O in serpentine 
materials were shown in figure S3 to S7 in supporting information. 
XRD results for serpentine are shown in figure S8 by using CaO as internal standard. 
The broad peak ranging from 5 to 25 2ϴ suggests amorphous structure for the serpentine 
materials, which is caused by extensive ball milling. The broad peak is centered around 13 
2ϴ, where is the characteristic peak of serpentine.[69,70] Peaks at 32.4, 37.5 and 54.1 degree 
are from the internal standard. The comparison before and after acid treatment suggested acid 
treatment did not further change the crystalline structure. 
3.2 Aldol Condensation Test  
As shown in figure 9 two aldol condensation reactions were examined, including 
propenal formation from formaldehyde/acetaldehyde and methyl vinyl ketone formation 
from formaldehyde/acetone. Experiments were performed by feeding the mixture of 
formaldehyde/acetaldehyde or formaldehyde/acetone over different acid/base catalysts. For 
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each catalyst, both a high catalyst loading and low catalyst loading were used. The same 
number of acid sites and/or basic sites among different catalysts was maintained at high 
catalyst loading as well as at low catalyst loading. The catalysis results are shown in figure 
10, in which the molar yield of propenal was based on acetaldehyde while the molar yield of 
methyl vinyl ketone was based on acetone. In the current work, HA MgO was chosen to 
represent a base catalyst due to its similar basic strength as serpentine 1M. For the acid 
catalyst, both the super acid and silica-alumina were chosen to examine the influence of acid 
strength on aldol condensation.  
 
 
 
Figure 9. Aldol condensation from (a) formaldehyde and acetaldehyde (b) formaldehyde and 
acetone. 
   equation(1) 
As shown in figure 10, considerable aldol condensation occurred for all catalysts. The 
serpentine 1M showed the highest yield for both reactions. Experimental results also showed 
less than 1 % of aldol condensation product was observed without catalyst in the current 
reaction system.(results not shown here) Moreover, for both reactions the product yield 
increased with higher catalyst loading. The acid strength didn’t significantly affect either 
reaction by comparing the super acid with silica-alumina. The physical mixture of 
HAMgO/super acid further promoted the aldol condensation compared to independent acid 
1
1
product (mol)
Turnover frequency (s )
quantity  of  active  site  (mol)*residence time(s )



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or base catalysis, but was still inferior to the serpentine 1M. Based on the results in figure 10, 
turnover frequency was calculated for the different acid/base catalysts with different catalyst 
loadings using equation (1). For the calculation, the mol of product formed by aldol 
condensation was divided by the mol of acitive site (either acid or base) and residence time. 
The residence time was calculated by using an experimentally measured void volume of the 
catalyst bed divided by flow rate. As shown in table 5, for each catalyst similar value of TOF 
was obtained for the given reaction at different catalyst loading, suggesting the absence of 
transport limitations in the current experimental conditions.
[71,72]
 It could be concluded that 
the acid-base bi-functional catalyst could better facilitate aldol condensation, compared to 
independent acid or base catalysis. 
Aldol condensation is an addition reaction, for which the formation of a protonated 
carbonyl could be catalyzed by an acid site that acts as the electrophile, while the formation 
of a deprotonated enolate could be catalyzed by a base site that acts as nucleophile. 
Therefore, in the presence of an acid-base co-catalyst both electrophilic and nucleophilic 
addition could be promoted due to presence of both an electrophile and nucleophile.
[35]
 
Moreover, a higher TOF from serpentine 1M than the physical mixture of acid and base 
catalysts suggested the presence of adjacent acid and basic sites facilitated the aldol 
condensation. H NMR and SEM-EDS analysis suggested the existence of bridged hydroxyls 
on serpentine 1M where the H can act as the acid site while the metal oxides bridging the 
hydroxyls could act as the basic site. A carbon balance calculation shows less than 10 % 
unaccounted carbon after the reaction for all cases, which was probably due to coke 
formation as coking was observed on postreaction catalyst.
  
1
5
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Figure 10. Molar yield of aldol condensation products over different acid/base catalysts withsame amount of acid and/or basic site. 
Reaction conditions: vaporization temperature = 300 
O
C; catalyst temperature = 445 
O
C; flow rate = 10 ml/min; reactant loading = 
1 µl; high catalyst loading: 7.5mg for serpentine 1M, 2.7 mg for HA MgO, 3.6mg for super acid, 1.7mg for silica-alumina; low 
catalyst loading: 3.6mg serpentine 1M, 1.3 mg HA MgO, 1.7 mg super acid, 0.8 mg silica-alumina; HAMgO/superacid: physical 
mixture of HA MgO and super acid. 
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Table 5. Turnover frequency calculation for propenal and methyl vinyl ketone formation over different acid/base catalysts at 
different catalyst loading 
Catalyst 
 
Propenal Methyl vinyl ketone 
TOF/acid(s
-1
) TOF/base(s
-1
) TOF/acid(s
-1
) TOF/base(s
-1
) 
High 
loading
a
 
low 
loading
b
 
High 
loading
a
 
low 
loading
b
 
High 
loading
a
 
low 
loading
b
 
High 
loading
a
 
low 
loading
b
 
serpentine 1M 7.61 6.25 0.137 0.112 1.93 1.91 0.035 0.034 
HA MgO - - 0.045 0.041 - - 0.025 0.028 
Super acid 1.66 1.50 - - 0.57 0.60 - - 
Silica-alumina 1.58 2.09 - - 0.70 1.04 - - 
HA MgO/Super 
acid 3.67 3.81 0.066 0.070 1.69 1.80 0.030 0.033 
a: 7.5 mg serpentine 1M, 2.7 mg HA MgO, 3.6 mg super acid, 1.7 mg silica-alumina;  
b: 3.6 mg serpentine 1M, 1.3 mg HA MgO, 1.7 mg super acid, 0.8 mg silica-alumina. 
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To investigate the influence of relative acidity versus basicity, the aldol condensation 
reaction was performed over the same amount of serpentine materials treated by different 
acid concentrations. Figure 11 shows the product yield from aldol condensation for the 
different acid treated serpentine catalysts. A different trend was observed between the 
formation of propenal and methyl vinyl ketone over serpentine materials treated by acid at 
different concentrations. It should be remembered that for the serpentine materials, the 
number of basic sites decreased with a more concentrated acid treatment, while the number 
of acid sites was similar among serpentine materials except for the serpentine 3M catalyst 
which had twice the number of acid sites as others.(shown in table 4) Based on table 4 and 
figure 11, from serpentine 1M to serpentine 2M the propenal yield decreased with a 
decreasing number of basic sites when the acid level was kept similar. However, a higher 
yield of propenal was observed for serpentine 3M compared to serpentine 2M, the acid 
amount of the former was almost twice as much while having 8 % fewer basic sites as the 
latter. Therefore, both the acid and base amount in the catalyst manipulated the formation of 
propenal and the highest propenal yield was observed from the serpentine 1M catalyst. On 
the other hand, a monotonic reduction was observed for the yield of methyl vinyl ketone 
from serpentine 1M to serpentine 3M, suggesting the catalysis was limited by the number of 
basic sites within the tested catalysts. In contrast to the formation of propenal from two 
aldehydes, the formation of methyl vinyl ketone involved a ketone as a reactant. Comparing 
to acetaldehyde, the hydrogen on the α carbon in acetone is less acidic due to an electron 
donating methyl group attached to the carbonyl, resulting in more difficulty to form a 
deprotonated enolate. In this case, enolate formation is more likely to be catalyzed by the 
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original basic site instead of the conjugated base from acid.
[73]
 Therefore, base catalysis to 
form the enolate might be the rate limiting step to produce methyl vinyl ketone. 
 
Figure 11. Molar yield of aldol condensation products over serpentine from different acid 
treatment. Reaction conditions: vaporization temperature = 300 
O
C; catalyst temperature = 
445 
O
C; flow rate = 10 ml/min; reactant loading = 1 µl; catalyst loading: 7.5mg. 
3.3 Reactivity Test for Bio-oil Model Compounds  
Serpentine 1M was chosen as an acid-base bi-functional catalyst for the conversion of 
single model compounds in the following study. Reactivity of the bio-oil model compounds 
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was tested at 445 
O
C and 500 
O
C over different catalysts and the results were shown in table 
6. Acetaldehyde, acetone, methyl vinyl ketone, furfural and 5-methyl furfural showed 
relatively low conversion compared to acetol, methylglyoxal and HMF, which suggested the 
former are less reactive under the presented reaction system. Clearly, the reactivity is 
strongly relative to the number of oxygen containing functional groups in the model 
compounds. For low molecular weight compounds (LMW), both acetol and methylglyoxal 
have two oxygen containing functional groups while acetaldehyde, acetone and methyl vinyl 
ketone have only one. Similarly, for the furans, except for the oxygen in furan backbone 
HMF has two oxygen containing functional groups while furfural and 5-methyl furfural have 
only one. It is reasonable to believe that a higher number of oxygen containing functional 
groups in these compounds enhanced the probability to interact with active sites on the 
catalysts possibly by hydrogen transfer or the formation of metal oxygen bonds.  
3.4 Reaction Pathways for Catalytic Conversion of HMF 
Table 7 shows the major products from the catalytic conversion of HMF over the 
current acid/base catalysts are 5-methyl furfural, 2,5-furandicarboxaldehyde, 2-methyl furan, 
furfural, CO and CO2. Water was identified as a product by the online MS but couldn’t be 
accurately quantified. The unaccounted mass balance mainly consisted of coke and 
unidentified peaks in spectrum and chromatograph. In order to understand reaction pathways 
involved in the catalysis, isotope labeled HMF was used as a reactant. The C-1 and C-6 on 
HMF molecule were selectively labeled by 
13
C. The characterization of 1-
13
C HMF and 6-
13
C 
HMF was described in figure S9 in supporting information. 
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Table 6. Conversion of bio-oil model compounds over different catalyst (values are in %) 
Model 
compounds 
 
control Serpentine 1M Silica-alumina Super acid HA MgO 
Silica-alumina+ 
HA MgO 
Super acid+ 
HA MgO 
445 
O
C 
500 
O
C 
445  
O
C 
500  
O
C 
445 
O
C 
500  
O
C 
445 
O
C 
500 
O
C 
445 
O
C 
500 
O
C 
445 
O
C 
500  
O
C 
445 
O
C 
500  
O
C 
Acetol 6.8 
 
100.0 100.0 83.8 99.1 75.7 96.4 55.3 88.9 87.1 99.3 94.9 100.0 
Methylglyoxal 3.7 
 
59.5 61.5 58.7 57.0 46.5 49.6 50.1 50.6 55.7 53.6 48.0 60.6 
HMF 2.0 
 
100.0 100.0 93.1 91.7 83.7 98.3 71.4 86.7 84.9 98.2 77.8 75.4 
Acetaldehyde <1 
 
<1 10.5 - - <1 <1 <1 <1 <1 <1 <1 <1 
Acetone  <1 
 
12.7 4.1 <1 <1 <1 <1 <1 <1 <1 2.1 <1 <1 
Methyl vinyl 
ketone 1.7 
 
18.2 21.7 - - 3.7 - 8.0 - 18.2 16.3 4.6 3.6 
Furfural <1 
 
4.6 4.8 
 
- <1 - 1.4 
 
- - <1 4.6 
5-methyl 
furfural <1 
 
10.0 14.9 - - <1 - <1 - 15.5 16.8 <1 <1 
Reaction conditions: vaporization temperature = 300 
O
C; catalyst temperature = 445 
O
C or 500 
O
C; flow rate = 90 ml/min; reactant 
loading = 0.4 mg or 0.4 µl; catalyst loading: 17 mg for serpentine 1M, 4.2 mg for silica-alumina, 9.0 mg for super acid, 5.7 mg for 
HA MgO. 
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Table 7. Product distribution from catalytic conversion of HMF over different catalysts 
Product Serpentine 1M Silica-alumina HA MgO silica-alumina+HA MgO 
 445 
O
C 500 
O
C 445 
O
C 500 
O
C 445 
O
C 500 
O
C 445 
O
C 500 
O
C 
Furan 0.5 1.0 1.3 1.8 0.4 0.5 1.3 1.9 
2-methyl furan 5.5 10.0 5.9 8.6 0.7 1.0 3.7 5.9 
2,5-dimethyl furan 0.4 0.7 0.2 0.3 0.2 0.3 0.2 0.3 
Furfural 2.7 3.2 0.9 1.2 1.9 3.2 1.6 2.6 
5-methyl furfural 30.7 26.3 23.0 23.5 20.3 24.9 12.7 13.5 
2,5-Furandicarboxaldehyde 13.1 7.5 21.5 13.2 21.7 21.6 8.6 7.2 
CO 3.6 8.0 4.7 7.3 1.2 2.6 3.9 6.1 
CO2 3.3 4.7 2.1 2.2 0.9 1.5 1.2 2.4 
Unconverted HMF 0 0 6.9 8.3 28.6 13.3 15.1 1.8 
Summation 59.7 61.5 66.5 66.5 75.9 68.8 48.4 41.7 
All numbers are based on carbon yield. Reaction conditions: vaporization temperature = 300 
O
C; catalyst temperature = 445 
O
C or 
500 
O
C; flow rate = 90 ml/min; reactant loading = 0.4mg; catalyst loading: 17 mg for serpentine 1M, 4.2mg for silica-alumina, 5.7 
mg for HA MgO.  
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Figure 12. Carbon source for products from catalytic conversion of isotope labeled HMF 
over serpentine 1M. (a) Products contain 1 carbon and 5 carbon; (b) products contain 6 
carbon and 4 carbon. Reaction conditions: vaporization temperature = 300 
O
C; catalyst 
temperature = 445 
O
C; flow rate = 90 ml/min; reactant loading = 0.4 mg; catalyst loading: 17 
mg. 
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Figure 13. Distribution of labeled C in product from catalytic conversion of HMF over 
serpentine 1M. 
The distribution of 
13
C in the products from the catalytic conversion of isotope 
labeled HMF over serpentine was summarized in figure 12. Figure 12 shows the C-1 of the 
HMF molecule is much more involved in CO and CO2 formation than the C-6. Most of the 2-
methyl furan contained the C-6 on HMF instead of the C-1 while most furfural contained the 
C-1 on HMF instead of the C-6. Most of the 5-methyl furfural contained one 
13
C atom being 
either the 1-
13
C in HMF or the 6-
13
C. The position of the 
13
C on 5-methyl furfural could be 
determined by its mass spectra as shown in supporting information. The result suggested the 
C-1 and C-6 on the HMF molecule didn’t migrate during the conversion to 5-methyl furfural. 
Similarly, the position of labeled carbon on HMF also didn’t change during the conversion to 
2,5-furandicaboxaldehyde since all of the 2,5-furandicaboxaldehyde molecules contained one 
13
C in the aldehyde group. Moreover, few 
13
C labeled carbons were observed in furan and a 
negligible amount of 5-methyl furfural and furan contained two labeled 
13
C atoms. Therefore, 
the distribution of 
13
C in 5-methyl furfural, 2,5-furandicarboxaldehyde and furan also 
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suggested the backbone of furan was not ruptured or rearranged during the catalysis, which is 
not consistent with hydrocarbon pool theory where carbon atoms lose their identity within 
the zeolite pore. From the data in figure 12, the distribution of labeled C could be interpreted 
as the scheme in figure 13. By stoichiometry, formaldehyde should be formed accompanied 
by furfural formation. This was proved by identification of formaldehyde in mass spectrum. 
Unfortunately, isotope tracking and quantification for formaldehyde were not successful due 
to peak overlap under current experimental conditions.
 
Figure 14. Catalytic conversion of HMF over different catalysts with same number of acid 
and/or basic sites at 445 
O
C (a) and 500 
O
C (b). Reaction condition: same as table 7; Yield is 
in terms of carbon yield; oxygen content in products is in wt%; products here refer to 
deoxygenation products as shown in figure 1, not including CO, CO2 and H2O. 
Table 7 shows the deoxygenation products from the catalytic conversion of HMF are 
mixture of furanic compounds. In the current study, deoxygenation performance was 
evaluated based on the yield of deoxygenation products and oxygen content in the mixture of 
products, as shown in figure 14. The oxygen content was calculated based on the product 
distribution. For both reaction temperatures, it was observed that pure acid catalyst or pure 
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base catalyst resulted in a higher oxygen content in the products compared to serpentine 1M. 
Catalysis by the acid/base physical mixture showed a similar oxygen content in the products 
as the serpentine 1M, but had a lower yield for deoxygenation products. The serpentine 
catalyst decreased the oxygen content in the product mixture by one fourth and the carbon 
yield of the product was 49 %. Unlike other catalysts, complete conversion was observed for 
serpentine 1M, suggesting its higher activity for HMF conversion. The product distribution 
inferred a series of reactions occurred during the catalysis. The same type of product was 
observed over different catalysts, suggesting the difference in deoxygenation performance is 
dictated by the selectivity, which is shown in table S2 in supporting information. The big 
difference between acid catalysis (silica-alumina) and base catalysis (HA MgO) is that the 
latter had a higher selectivity towards 2,5-furandicarboxaldehyde formation and the former 
had a higher selectivity towards 2-methyl furan formation. According to figure 13, 2,5-
furandicarboxaldehdye was formed by the dehydrogenation of HMF, which is typically 
catalyzed by base catalysts.
[74-80]
 The oxygen in the hydroxyl group could chemisorb onto a 
magnesium ion to form an alkoxide followed by proton loss from the hydroxyl group. 
Formation of the alkoxide would leave a negative charge on the alpha carbon, which 
facilitates hydride formation from the alpha hydrogen. An adjacent magnesium ion could be 
active in abstracting the alpha hydrogen as a hydride acceptor. Following reaction between 
the hydride and a suitable proton would form H2. Detachment of the oxygen from the 
magnesium ion would complete the formation of the carbonyl group. For 2-methyl furan 
formation, isotopic labeling studies suggested it involved fragmentation between C-1 and C-2 
on the HMF molecule. Moreover, it has been shown that 2-methyl furan could be formed 
from 5-methyl furfural over the studied catalysts as shown in supporting information. 
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Therefore, the formation of 2-methyl furan was largely determined by the rate of 
decarbonylation. The higher selectivity towards 2-methyl furan by silica-alumina compared 
to the MgO catalyst could be resulted from a higher activity for decarbonylation for the 
former. A typical catalyst for decarbonylation is a transition metal complex.
[81-83]
 However, 
acid catalysts, including zeolites and MCM, are also reported to facilitate decarbonylation 
during catalytic fast pyrolysis of biomass.
[18,25,26,84]
 The formation of 5-methyl furfural may 
utilize the hydrogen transferred during the formation of 2,5-furandicarboxaldehyde. As 
shown in figure 15, the speculated pathway might involve elimination of the hydroxyl group 
on HMF by proton attack. Then, the intermediate carbocation abstracts one hydride ion 
formed during the dehydrogenation to generate 5-methyl furfural. Therefore, formation of 5-
methyl furfural might be facilitated by the cooperation of acid and basic sites. The acid site 
could provide the proton for hydroxyl elimination and the basic site could provide hydride to 
the carbocation intermediate. As a result, a higher selectivity of 5-methyl furfural was 
observed for serpentine compared to the other catalysts except for HA MgO. The higher 
selectivity towards 5-methyl furfural from HA MgO could be resulted from a lower activity 
in decarbonylation, which subsequently converted 5-methyl furfural to 2-methyl furan. 
Considering the oxygen content in each product, the presence of 2-methyl furan and 5-methyl 
furfural mainly contributed to lower the average oxygen level of the product mixture. The 
selectivity for these two products was the highest for serpentine. This, combined with the 
highest conversion from serpentine 1M, led to the best deoxygenation performance by 
serpentine 1M.  
Table S2 shows more fragmentation occurred at higher temperature as the selectivity 
towards furans with 4 or 5 carbon atoms increased. This was also evident in the higher 
163 
 
selectivity towards CO and CO2. A small fraction of furfural could decompose to furan and 
CO under current catalytic conditions as shown in supporting information. Taken together, 
the reaction network could be illustrated by figure 16. The basic sites could promote HMF 
dehydrogenation to form 2,5-furandicarboxaldehdye. The intermediate hydrogen ion formed 
during the dehydrogenation could participate in 5-methyl furfural formation. The acid sites 
could facilitate decarbonylation to remove oxygen as CO. Formation of 5-methyl furfural 
from HMF removed oxygen as water, which might be facilitated by the synergetic effects 
between acid and base. The cooperation between acid and basic sites facilitated oxygen 
removal by a series of reactions including dehydrogenation, dehydration and 
decarbonylation.  
 
 
Figure 15. Speculated reaction pathway for formation of 5-methyl furfural. 
 
 
 
 
 
Figure 16. Reaction network for catalytic deoxygenation of HMF over acid/base catalyst 
(Colored carbon atoms are isotope labeled). 
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3.5 Reaction Pathways for Catalytic Conversion of Acetol  
Table 8 shows the major products from the catalytic conversion of acetol over 
different acid/base catalysts were acetone, acetaldehyde, ethylene and methylglyoxal. The 
super acid was also included in the catalyst list as well as its physical mixture with HA MgO. 
It should be noticed that a fair amount of hydrocarbons, mainly ethylene, were formed. The 
total yield of products and the calculated oxygen content in the product mixture are shown in 
figure 17. It was observed that the highest product yield was achieved with serpentine 1M at 
both reaction temperatures. The oxygen content in the product was also lowest for serpentine 
1M except for the silica-alumina catalyst at 500 
O
C, which had a 30 % lower yield of total 
products. The highest conversion was also observed for serpentine while a relatively low 
conversion was observed for HA MgO and super acid, suggesting serpentine 1M had the 
highest activity for acetol conversion. As a whole, serpentine 1M could better promote 
deoxygenation than the other catalysts tested in the current study. The decrease in oxygen 
content of the product mixture was mainly attributed to the formation of olefins and acetone. 
The catalytic conversion of acetol over serpentine 1M at 500 
O
C decreased the oxygen 
content in the products to 28.6 wt% compared to 43.2 wt% in the reactant, which was a 34 % 
decrease.  In this scenario, the total carbon yield of the product was 60 %. The same product 
compounds were obtained using different catalysts, suggesting the selectivity dictated the 
deoxygenation performance, as shown in table S3 in supporting information. 
  
  
1
6
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Table 8. Product distribution from catalytic conversion of acetol over different catalysts 
Product 
 
Serpentine 1M 
 
Silica-alumina 
 
Super acid 
 
HA MgO 
 
Silica-alumina+ 
HA MgO 
Super acid+ 
HA MgO 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
Acetaldehyde 10.1 18.0 9.4 14.8 2.1 7.2 2.5 7.4 4.0 10.3 6.0 12.5 
Propenal 0.6 0.9 1.1 1.1 1.5 0.8 0.5 1.0 1.2 0.9 0.9 0.5 
Acetone 22.4 16.7 9.4 7.6 19.6 11.8 8.2 15.3 5.2 9.6 17.8 14.3 
Methylglyoxal 6.2 8.7 6.0 5.0 5.2 6.9 3.9 9.9 5.3 7.6 6.6 5.4 
Methyl vinyl ketone 1.3 1.0 1.6 1.5 0.9 2.0 1.5 1.8 1.4 2.7 1.3 1.2 
CO 7.1 11.8 5.8 8.1 2.5 8.4 1.4 6.2 3.2 7.9 5.6 12.1 
CO2 1.7 1.6 1.3 1.2 1.4 2.3 0.6 1.1 0.8 1.5 2.9 8.4 
Ethylene 5.6 13.9 4.4 9.3 0.3 4.6 1.1 7.5 1.5 8.2 1.3 6.2 
Propene 0.6 1.0 1.1 2.8 0.3 1.7 0.2 0.8 0.6 1.8 0.4 0.8 
Unconverted acetol 0 0 16.2 0.9 24.3 3.6 44.7 11.1 12.9 0.7 5.1 0 
Summation 55.6 73.6 56.3 52.3 58.1 49.3 64.6 62.1 36.1 51.2 47.9 61.4 
All numbers are based on carbon yield. Reaction conditions: vaporization temperature = 300 
O
C; catalyst temperature = 445 
O
C or 
500 
O
C; flow rate = 90 ml/min; reactant loading = 0.4 µl; catalyst loading: 17 mg for serpentine 1M, 4.2 mg for silica-alumina, 9.0 
mg for super acid, 5.7 mg for HA MgO. 
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Figure 17. Catalytic conversion of acetol over different catalysts with same number of acid 
and/or basic sites at 445 
O
C (a) and 500 
O
C (b). Reaction condition: same as table 8; Yield is 
in terms of carbon yield; oxygen content in products is in wt%; products here refer to 
deoxygenation products as shown in figure 1, not including CO, CO2 and H2O. 
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Methylglyoxal was formed by the dehydrogenation of acetol, probably in a similar 
fashion as 2,5-furandicarboxaldehyde from HMF. The selectivity for methylglyoxal was 
higher from HA MgO than silica-alumina and the super acid, suggesting HA MgO could 
better promote dehydrogenation reaction. The hydrogen formed during the dehydrogenation 
might promote acetol conversion to acetone in a similar pattern as HMF conversion to 5-
methyl furfural by cooperative catalysis between acid and basic sites. This was evident from 
the fact that the selectivity of acetone from serpentine was generally higher than the pure acid 
or pure base catalysts. Acetaldehyde was formed by C-C cleavage either from acetol or 
methylglyoxal. Formation of acetaldehyde from acetol was accompanied by the formation of 
formaldehyde, which was identified in the mass spectrum. Decarbonylation of methylglyoxal 
could also generate acetaldehyde, as evident by acetaldehyde and CO being major products 
from the catalytic conversion of methylglyoxal shown in table 9. As shown in table S3, the 
selectivity towards acetaldehyde and CO increased with temperature, suggesting more 
fragmentation occurred at higher temperature. The selectivity for products formed by C-C 
cleavage, such as acetaldehyde, CO and ethylene, was higher from silica-alumina than HA 
MgO, which was similar to the case for HMF conversion. Interestingly, the stronger acid, the 
super acid, couldn’t promote C-C fragmentation as much as silica-alumina. Therefore, it 
seemed that an acid with a moderate strength could best promote fragmentation reactions. 
Propenal and methyl vinyl ketone were probably formed by aldol condensation between 
formaldehyde/acetaldehyde and formaldehyde/acetone, as discussed previously. 
Considering hydrogen was formed in-situ during the catalysis, olefins might be 
formed from acetaldehyde and acetone through a hydrodeoxygenation (HDO) mechanism. 
Several literature studies reported transitional metal oxides, such as MoO3, Fe2O3, CuO and 
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WO3, were active for the HDO process to convert acetaldehyde or acetone to ethylene or 
propylene, respectively.
[85-90]
 Density functional theory (DFT) was used to interpret the 
catalytic pathways.
[85,86]
 It was suggested that the double bond on the carbonyl group was 
converted to a single bond by hydrogen transfer to the carbonyl carbon. The C-O bond had a 
lower dissociation energy than the initial C=O bond, which allowed for easier bond cleavage. 
The oxygen from the C-O bond subsequently interacted with a metal site to form a metal-
oxygen bond. The adsorbed reactant could lose one alpha H by interacting with a nearby O 
on the metal oxide to form a hydroxyl on the catalyst. Cleavage of the C-O bond readily 
formed the olefin. A water molecule might be formed by recombination of the two hydroxyls 
on the catalyst surface, accompanied by forming an oxygen vacancy site. The metal oxides 
used in the current study might also promote the oxygen removal from the carbonyl group in 
a similar fashion as HDO. The hydrogen molecule formed by the dehydrogenation or the 
hydrogen atom in a transition state during the dehydrogenation could be transferred to the 
carbonyl carbon. The absence of alcohol formation in the current study inferred only one 
hydrogen atom was transferred to the carbonyl carbon instead of two hydrogen atoms 
saturating the C=O bond. The low conversion shown by feeding alcohol through the catalyst 
bed demonstrated the alcohol, if formed by hydrogen saturation of the C=O bond, could not 
be immediately dehydrated to olefins at the current experimental conditions. Metal atoms on 
the current acid/base catalyst, especially Mg, which has low electronegativity, might 
facilitate metal-O bond formation. The oxygen on the metal oxide may act as a basic site to 
abstract an alpha hydrogen in carbonyl compound. C-O fragmentation could then form the 
olefin.  
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To sum up, the speculated reaction network was shown in figure 18. A basic site 
facilitated dehydrogenation of acetol to form methylglyoxal. A moderate strength acid site 
could better promote C-C cleavage to form acetaldehyde and CO. The hydrogen formed 
during the dehydrogenation might participate in acetone formation from acetol by removing 
oxygen as water in a similar fashion as 5-methyl furfural formation from HMF. The 
hydrogen might also take part in HDO of acetaldehyde and acetone to form ethylene and 
propene, respectively. The highest degree of deoxygenation achieved by the serpentine 1M 
catalyst was mainly attributed to the high conversion and high selectivity towards olefins and 
acetone.  
 
 
Figure 18. Speculated reaction network for catalytic deoxygenation of acetol over acid/base 
catalyst. 
3.6 Reaction Pathways for Catalytic Conversion of Methylglyoxal 
A lower conversion was observed in the catalytic conversion of methylglyoxal as 
show in figure 19. This was possibly caused by less hydrogen intermediate formed in the 
course of reaction since methylglyoxal has two less hydrogen atoms. Therefore, 
dehydrogenation was more difficult due to the higher degree of unsaturation for 
methylglyoxal. According to figures 17 and 19, the depressed dehydrogenation and the 
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resulting lack of the hydrogen intermediate would lead methylglyoxal primarily being 
converted through decarbonylation. This is evident by the high selectivity towards 
acetaldehyde and CO. Compared to acetol, much less olefin was observed from the 
conversion of methylglyoxal, which could also be resulted from less hydrogen being 
available for the HDO. Similar to the catalytic conversion of HMF and acetol, silica-alumina, 
which had moderate acid strength, could better catalyze decarbonylation compared to super 
acid and HA MgO due to its higher selectivity towards CO and acetaldehyde as shown in 
table S4 in supporting information. More C-C fragmentation occurred at higher reaction 
temperature, as evident by the yield of acetaldehyde and CO. In terms of deoxygenation 
performance, the highest conversion and lowest oxygen content in the products was observed 
for serpentine 1M at both temperatures. The yield of deoxygenation products was the second 
highest for serpentine 1M, only less than silica-alumina. 
  
  
1
7
1 
Table 9. Product yield from catalysis of methylglyoxal over different catalysts 
Product 
 
Serpentine 1M Silica-alumina Super acid HA MgO 
Silica-alumina+ 
HA MgO 
Super acid+ 
HA MgO 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
Acetaldehyde 10.5 11.7 14.9 15.9 3.8 5.0 7.3 9.5 12.8 13.6 6.6 6.7 
Propenal 0.9 0.8 0.7 1.1 0.4 0.4 0.5 0.8 1.0 0.7 0.7 0.7 
Acetone 0.9 1.4 0.7 0.9 1.2 1.4 1.0 0.9 1.2 1.0 0.7 1.0 
Methyl vinyl ketone 0.3 0.4 0.1 0.2 0.3 0.3 0.3 0.1 0.4 0.4 0.6 0.5 
CO 4.1 7.1 5.9 7.4 2.1 4.0 3.4 3.5 5.2 5.8 3.7 7.0 
CO2 1.3 2.0 0.9 1.1 1.3 3.6 1.2 1.4 1.5 1.8 2.6 4.6 
Ethylene 0.8 1.4 0.6 0.7 0.0 0.0 0.2 0.5 0.5 0.2 0.0 0.7 
Propene 0.2 1.0 0.9 1.3 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.1 
Unconverted methylglyoxal 54.1 51.3 55.0 57.4 71.3 67.2 66.5 65.8 59.1 61.9 69.3 63.0 
Summation 73.0 77.1 79.6 86.0 80.4 82.0 80.5 82.8 81.7 85.3 84.2 84.3 
All numbers are based on carbon yield. Reaction conditions: vaporization temperature = 300 
O
C; catalysis temperature = 445 
O
C or 
500 
O
C; flow rate = 90 ml/min; reactant loading =0.4 µl; catalyst loading: 17 mg for serpentine 1M, 4.2 mg for silica-alumina, 9.0 
mg for super acid, 5.7 mg for HA MgO.
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Figure 19. Catalytic conversion of methylglyoxal over different catalysts with same number 
of acid and/or basic site at 445 
O
C (a) and 500 
O
C (b). Reaction condition: same as table 9; 
yield is in terms of carbon yield; oxygen content in products is in wt%; products here refer to 
deoxygenation products as shown in figure 1, not including CO, CO2 and H2O. 
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3.7 Further Discussion and Summation 
CO2 had been formed during the catalytic conversion of HMF, acetol and 
methylglyoxal. Since neither of these three compounds nor their products contained a 
carboxylate group, the formation of CO2 was possibly not from decarboxylation. Instead, due 
to the presence of CO and H2O in the reaction system, the water-gas shift reaction might be 
responsible for CO2 formation. The reaction temperature was in the range of the temperature 
needed for the water-gas shift reaction. Moreover, the studied catalysts contained metal 
oxides, which were reported to facilitate the water-gas shift reaction.
[91-93]
 
The catalytic conversion of HMF, acetol and methylglyoxal over different acid/base 
catalysts suggested the acid site could better promote fragmentation/decarbonylation while 
the basic site could better promote dehydrogenation. Oxygen removal from the hydroxyl 
group was better facilitated by the cooperation between acid and basic sites. Serpentine 1M, 
which had closely jointed acid and basic sites as during catalyst characterization, was most 
active for the catalytic deoxygenation of oxygenates by synergistic catalysis between acid 
and base. The physical mixture of acid and base catalysts could not achieve the same 
deoxygenation performance as serpentine 1M possibly due to the relative isolation of acid 
and basic sites, which impeded the cooperation between them.  
To sum up, an acid-base bi-functional catalyst could facilitate oxygen removal from 
bio-oil model compounds in a scheme shown in figure 20. Oxygen rich compounds were 
more reactive since a greater number of oxygen functional groups enhanced the probability 
of interaction with the active site on the catalyst either by hydrogen transfer or the formation 
of a metal-oxygen bond. Initially, these oxygenates undergo a series of reactions, including 
dehydrogenation, decarbonylation and dehydration, to form products with fewer oxygen 
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atoms. These first stage products can further go through two types of reactions. One is the 
aldol condensation of the compounds with a carbonyl group, which generated an aldehyde or 
ketone with a longer chain length. The other is HDO of the small aldehydes or ketones by 
using in situ hydrogen from dehydrogenation to form olefins. As a result, less oxygen 
containing, more stable, and longer chain molecules could be formed as partial deoxygenated 
products while olefins could be formed as completely deoxygenated products. The oxygen 
functional groups in these bio-oil model compounds were representative for real bio-oil from 
carbohydrate pyrolysis. Therefore, it should be promising to use the acid-base bi-functional 
catalyst for in situ or ex situ catalytic pyrolysis of carbohydrates.   
 
 
Figure 20. Scheme for catalytic conversion of bio-oil model compounds over acid-base bi-
functional catalyst. 
3.8 Stability Test 
The stability of serpentine 1M was tested by multiple feeding of HMF over the 
catalyst bed. The reaction results after each run was shown in figure 21. No considerable loss 
of activity was observed up to 10 runs as evident by consistent conversion and total yield of 
product among different runs.  
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Figure 21. Stability of serpentine 1M for catalytic conversion of HMF. Reaction conditions: 
vaporization temperature = 300 
O
C; catalyst temperature = 500 
O
C; flow rate = 90 ml/min; 
reactant loading is 0.4 mg for each run; catalyst loading: 17 mg. 
4. Conclusions 
Catalytic deoxygenation of eight carbohydrate-derived bio-oil model compounds was 
performed in a fixed bed reactor. Aldol condensation was tested separately by feeding binary 
mixtures of the model compounds. Using the same number of acid/base sites, an acid, base, a 
physical mixture of acid and base material and an acid-base bi-functional catalyst were 
evaluated based on their activity for deoxygenation reactions. The bi-functional catalyst was 
prepared by acid treatment of a natural mineral, serpentine. Extensive characterization of the 
bi-functional catalyst revealed adjacent acid and basic sites. A higher reactivity was observed 
for the model compound with a greater number of oxygen containing functional groups. 
Based on isotopic labelling, reaction pathways were proposed for the catalytic conversion of 
three oxygen rich compounds, HMF, acetol and methylglyoxal. A series of deoxygenation 
reactions occurred, including decarbonylation, dehydration, and aldol condensation. A 
moderate acid strength could better promote decarbonylation. In situ hydrogen was likely 
formed during the catalysis as evident by the presence of dehydrogenation products, which 
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could be better promoted by basic site. The in situ hydrogen probably participated in the 
hydrodeoxygenation of small aldehyde/ketones to completely remove oxygen since olefins 
were observed in the products. By evaluating the yield of deoxygenation products and 
oxygen content in the product mixture, the highest degree of deoxygenation was achieved 
with the bi-functional catalyst, due to the synergistic catalysis between acid and basic sites, 
which was not seen with the physical mixture of acid and base. The current study suggested 
the acid treated serpentine, or another cost-effective acid-base bi-functional catalyst, could be 
promising candidates for efficient oxygen removal in the catalytic pyrolysis of carbohydrates.  
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Supporting Information for: Chapter 4 
S1 Information for Chemicals   
In the current work, all chemicals were purchased from Sigma-Aldrich unless 
otherwise mentioned. Formaldehyde was purchased from Fisher Scientific with a purity of 37 
wt%. Methylglyoxal has a purity of 40 % by using water as solvent. Acetol has a purity of 90 
%. All other chemicals have purity larger than 98 %.  
S2 Product Analysis 
The conditions for online GC analysis were described here. The GC injector 
temperature was set at 250 
O
C. For temperature ramping program, the initial temperature of 
GC oven was held at 40 
O
C for 3 minutes. Then, the temperature was ramped to 250 
O
C with 
a rate of 10 
O
C/min, after which temperature was held at 250 
O
C for 6 minutes. Constant 
column flow rate of 3 ml/min was maintained. Therefore, the helium flow rate through the 
reactor was controlled by split ratio, which was shown in corresponding figures and tables in 
the article. Capillary column of ZB 1701 (60 m × 0.250 mm and 0.250 μm film thickness) 
was used for separation of condensable products. Two identical ZB 1701 columns were used, 
one of which was connected to MS (5975C, Agilent Technologies, USA) for product 
identification and the other one was connected to FID for products quantification by 
calibration with standards. A Porous Layer Open Tubular (PLOT) column (60 m x 0.320 
mm) (GS-GasPro, Agilent, USA) was specifically used to measure non-condensable gas 
(NCG) products which consist of CO, CO2, C2H4 and C3H6 in the current study. The PLOT 
column was connected to TCD.  A standard gas mixture (Praxair, USA) of CO, CO2, CH4, 
C2H4, C2H6, C3H6, C3H8, and C4H8 was used as the calibration standard for the non-
condensable gases.  
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S3 Catalyst Characterization 
 
Figure S1. Mass fragment ion monitored by MS during NH3-TPD of silica-alumina 
Figure S1 shows evolution of NH3 and H2O versus temperature during NH3-TPD for 
silica-alumina. Little H2O was present during the temperature ramping. For NH3, the peak 
shown before 100 
O
C was ascribed to physically adsorbed NH3, which was not counted for 
the amount of acid site in the current study. Similar profiles as figure S1 were also observed 
for other materials based on their NH3-TPD-MS results. The MS result suggests the signal 
recorded by TCD during NH3-TPD as shown in figure 5 is only designated to chemically 
adsorbed NH3, which rules out the interference from H2O and physically adsorbed NH3. 
Similarly, the CO2-TPD-MS results suggest the signal recorded by TCD during CO2-TPD 
only represent chemically adsorbed CO2. 
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Figure S2. The pinpointed rich area for specific elements on SEM image for serpentine materials (5000x) 
 
Figure S3. SEM-EDS maps of distribution of Mg on serpentine materials (5000x) 
Serpentine raw Serpentine 1M Serpentine 3M 
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Figure S4. SEM-EDS maps of distribution of Fe on serpentine materials (5000x) 
 
Figure S5. SEM-EDS maps of distribution of S on serpentine materials (5000x) 
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Figure S6. SEM-EDS maps of distribution of Si on serpentine materials (5000x) 
 
Figure S7. SEM-EDS maps of distribution of O on serpentine materials (5000x)
Serpentine raw Serpentine 1M Serpentine 3M 
Serpentine raw Serpentine 1M Serpentine 3M 
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Table S1. Composition of serpentine materials from EDS analysis 
Spectrum Label O Mg Al Si S Ca Mn Fe Total 
serpentine, raw 50.36 21.28 0.12 18.63 0.17 6.60 0.20 2.63 100.00 
serpentine, 1M 51.91 5.49 0.11 36.53 0.04 0.09 0.09 5.74 100.00 
serpentine, 2M 53.67 0.80 0.02 43.68 0.03 0.06 0.09 1.65 100.00 
serpentine, 3M 57.05 0.22 0.01 29.25 5.96 0.52 0.03 0.77 100.00 
All numbers are in wt%. 
 
 
Figure S8. XRD patterns for serpentine before and after acid treatment 
S4 Characterization of Synthesized HMF 
To verify whether the synthesis of 
13
C HMF was successful or not, the two 
synthesized HMF samples were subjected to GC-MS analysis. The mass spectrum of the 
synthesized HMF was compared with the standard spectrum of HMF. As shown in figure S9, 
the position of 
13
C in the synthesized HMF could be determined by its ion fragment 
distribution. Comparing to the spectrum of standard HMF which is obtained from NIST data 
base, the molecular ion of the synthesized HMF has m/z of 127 instead of 126. Therefore, 
both synthesized HMF samples contain one 
13
C atom. The position of 
13
C on each 
synthesized HMF could be determined by location of its base peak. The base peak in HMF 
spectrum represents the fragment ion after loss of a carbonyl group at C-1. As a result, the 
standard HMF has m/z of 97 as the base peak. The location of base peak at m/z of 97 is 
5 15 25 35 45 55
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n
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serpentine 3M/CaO
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expected for 1-
13
C HMF, which is resulted from eliminating of labeled carbonyl group. This 
was proven in figure S9 (b). Therefore, 1-
13
C HMF was successfully synthesized by using D-
Glucose-1-
13
C as precursor. Differently, the m/z for base peak is 98 for the HMF synthesized 
by D-Glucose-6-
13
C as shown in figure S9 (c), suggesting the labeled carbon on this HMF is 
not C-1. Moreover, considerable amount of m/z of 32 was shown in figure S9 (c), which 
represents ion fragment of 
13
CH2OH. The m/z of corresponding fragment in figure 9S (a) and 
figure S9 (b) is 31, which represents 
12
CH2OH. This suggests the location of labeled carbon 
is C-6 for the HMF synthesized from D-Glucose-6-
13
C.   
 
 
Figure S9. Mass spectrum of (a) standard HMF, (b) HMF synthesized by D-Glucose-1-
13
C, 
and (c) HMF synthesized by D-Glucose-6-
13
C.  
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S5 Isotopic Tracking for Products  
 
 
Figure S10. Mass spectrum of (a) standard 5-methyl furfural, (b) 5-methyl furfural formed by 
1-
13
C HMF, and (c) 5-methyl furfural formed by 6-
13
C HMF.   
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Figure S11. Mass spectrum of (a) standard 2,5-furandicarboxaldehyde, (b) 2,5-
furandicarboxaldehyde formed by 1-
13
C HMF, and (c) 2,5-furandicarboxaldehyde formed by 
6-
13
C HMF.   
The molecular ion for standard 5-methyl furfural has m/z of 110. For the 5-methyl 
furfural produced from isotope labeled HMF, the molecular ion has m/z of 111, as shown in 
figure S10 (b) and (c), suggesting it contains one 
13
C. The position of the 
13
C could be 
inferred by the location of fragment ion after loss of carbonyl group at C-1, which is at m/z 
of 81 for 5-methyl furfural formed by 1-
13
C HMF while at m/z of 82 for 5-methyl furfural 
(mainlib) 2,5-Furandicarboxaldehyde
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formed by 6-
13
C HMF, as shown in figure S10 (b) and (c), respectively. Therefore, the 
13
C is 
at C-1 on 5-methyl furfural formed by 1-
13
C HMF while the 
13
C is at C-6 on 5-methyl 
furfural formed by 6-
13
C HMF. Similarly, molecular ion for 2,5-furandicarboxaldehyde 
formed by isotope labeled HMF has m/z of 125 comparing to 124 for standard 2,5-
furandicarboxaldehyde as shown in figure S11, suggesting presence of one 
13
C in the 2,5-
furandicarboxaldehyde product. The position of the 
13
C is on aldehyde group, as inferred by 
m/z of 96 for its fragment ion after loss of one carbonyl group.  
  
1
9
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S6 Selectivity of Products from Catalysis  
Table S2. Selectivity of products from catalytic conversion of HMF over different catalysts 
Product 
 
Serpentine 1M Silica-alumina HA MgO Silica-alumina+HA MgO 
445
O
C 500
O
C 445
O
C 500
O
C 445
O
C 500
O
C 445
O
C 500
O
C 
Furan 0.5 1.0 1.4 2.0 0.6 0.6 1.6 2.0 
2-methyl furan 5.5 10.0 6.3 9.4 1.0 1.1 4.4 6.0 
2,5-dimethyl furan 0.4 0.7 0.2 0.3 0.3 0.3 0.3 0.3 
Furfural 2.7 3.2 1.0 1.3 2.7 3.7 1.9 2.7 
5-methyl furfural 30.7 26.3 24.6 25.7 28.4 28.7 15.0 13.8 
2,5-Furandicarboxaldehyde 13.1 7.5 23.0 14.4 30.3 24.9 10.2 7.3 
CO 3.6 8.0 5.1 8.0 1.7 3.0 4.5 6.2 
CO2 3.3 4.7 2.3 2.4 1.2 1.7 1.5 2.4 
All numbers are in %. Reaction conditions: vaporization temperature = 300 
O
C; catalyst temperature = 445 
O
C or 500 
O
C; flow rate 
= 90 ml/min; reactant loading = 0.4mg; catalyst loading: 17 mg for serpentine 1M, 4.2mg for silica-alumina, 5.7 mg for HA MgO. 
 
  
  
1
9
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Table S3. Selectivity of products from catalytic conversion of acetol over different catalysts 
Product 
 
Serpentine 1M Silica-alumina Super acid HA MgO 
Silica-alumina+ 
HA MgO 
Super acid+ 
HA MgO 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500
  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
Acetaldehyde 10.1 18.0 11.3 14.9 2.7 7.5 4.5 8.3 4.5 10.3 6.3 12.5 
Propenal 0.6 0.9 1.3 1.1 2.0 0.8 0.8 1.1 1.4 1.0 1.0 0.5 
Acetone 22.4 16.7 11.3 7.7 25.9 12.3 14.8 17.2 6.0 9.6 18.8 14.3 
Methylglyoxal 6.2 8.7 7.2 5.0 6.9 7.1 7.0 11.2 6.1 7.7 7.0 5.4 
Methyl vinyl ketone 1.3 1.0 1.9 1.5 1.2 2.0 2.8 2.1 1.6 2.8 1.3 1.2 
CO 7.1 11.8 6.9 8.2 3.3 8.7 2.6 6.9 3.6 8.0 5.9 12.1 
CO2 1.7 1.6 1.5 1.2 1.9 2.4 1.1 1.2 1.0 1.5 3.0 8.4 
Ethylene 5.6 13.9 5.2 9.4 0.4 4.7 1.9 8.4 1.8 8.3 1.4 6.3 
Propene 0.6 1.0 1.4 2.8 0.4 1.8 0.4 0.9 0.7 1.8 0.5 0.8 
All numbers are in %. Reaction conditions: vaporization temperature = 300 
O
C; catalyst temperature = 445 
O
C or 500 
O
C; flow rate 
= 90 ml/min; reactant loading = 0.4 µl; catalyst loading: 17 mg for serpentine 1M, 4.2 mg for silica-alumina, 9.0 mg for super acid, 
5.7 mg for HA MgO. 
 
  
  
1
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Table S4. Selectivity of products from catalytic conversion of methylglyoxal over different catalysts 
Product 
 
Serpentine 1M Silica-alumina Super acid HA MgO 
Silica-alumina+ 
HA MgO 
Super acid+ 
HA MgO 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
445  
O
C 
500  
O
C 
Acetaldehyde 22.9 24.0 33.0 37.3 13.3 15.2 21.7 27.9 31.4 35.8 21.7 18.0 
Propenal 2.0 1.6 1.6 2.6 1.3 1.3 1.5 2.4 2.5 1.8 2.4 2.0 
Acetone 2.0 2.8 1.6 2.2 4.2 4.3 3.0 2.6 2.9 2.6 2.2 2.7 
Methyl vinyl ketone 0.6 0.9 0.3 0.5 1.0 1.0 1.0 0.3 1.0 1.0 2.0 1.4 
CO 8.9 14.5 13.0 17.4 7.4 12.3 10.1 10.3 12.7 15.3 12.0 18.9 
CO2 2.7 4.2 2.0 2.6 4.4 11.0 3.7 4.1 3.7 4.6 8.5 12.3 
Ethylene 1.7 2.9 1.3 1.6 0.0 0.0 0.6 1.4 1.1 0.5 0.0 1.8 
Propene 0.5 2.0 1.9 3.0 0.1 0.0 0.0 0.6 0.0 0.0 0.0 0.4 
All numbers are in %. Reaction conditions: vaporization temperature = 300 
O
C; catalysis temperature = 445 
O
C or 500 
O
C; flow 
rate = 90 ml/min; reactant loading =0.4 µl; catalyst loading: 17 mg for serpentine 1M, 4.2 mg for silica-alumina, 9.0 mg for super 
acid, 5.7 mg for HA MgO. 
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S7 Conversion of 5-Methyl Furfural and Furfural over Serpentine 
Table S5. Catalytic conversion of 5-methyl furfural over serpentine 1M 
5-methyl furfural 
 
Serpentine 1M 
445 
O
C 500 
O
C 
2-methyl furan 7.0 8.6 
CO 1.5 2.2 
Unconverted 5-methyl furfural 90.0 85.1 
All values are based on carbon yield. Reaction conditions: vaporization temperature = 300 
O
C; catalyst temperature = 445 
O
C or 500 
O
C; flow rate = 90 ml/min; reactant loading = 
0.4mg; catalyst loading: 17 mg. 
 
Table S6. Catalytic conversion of furfural over serpentine 1M 
Furfural 
Serpentine 1M 
445 
O
C 500 
O
C 
Furan 2.4 3.3 
CO 1.0 1.4 
Unconverted furfural 95.4 95.2 
All values are based on carbon yield. Reaction conditions: vaporization temperature = 300 
O
C; catalyst temperature = 445 
O
C or 500 
O
C; flow rate = 90 ml/min; reactant loading = 
0.4mg; catalyst loading: 17 mg. 
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Abstract 
Catalytic fast pyrolysis of cellulose was performed in a micropyrolyzer coupled with 
online product analysis by GC-MS/FID/TCD. Acid, base, transitional metal compounds and 
acid-base bi-functional catalyst were evaluated relative to their deoxygenation performance. 
The bi-functional catalyst was prepared by acid treatment of a natural mixed metal oxide, 
serpentine. Temperature programmed desorption measurement was used to evaluate the acid 
and base properties of the catalytic materials. The natural serpentine was basic, while 
medium and strong acid sites were introduced through acid treatment.  Using the same 
number of acid/base sites, all of the catalytic materials were used in pyrolysis for 
deoxygenation comparison.  The results showed the bi-functional catalyst achieved the best 
balance between deoxygenation and bio-oil yield among the tested materials. For the best 
catalytic material, the oxygen content of the condensed product from cellulose was decreased 
by 28 % and its high heating value increased from 15.41 MJ kg
-1
 to 23.16 MJ kg
-1
, with 61 % 
of the initial energy content remaining in the condensed product. It appeared that during 
catalysis, the acidic sites primarily promoted dehydration while the basic sites mainly 
promoted fragmentation reactions. Compared to a physical mixture of acid and base 
materials, the bi-functional catalyst appeared to promote deoxygenation reactions more 
effectively presumably due to the presence of adjacent acid and base sites.  
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1 Introduction 
Fast pyrolysis is a renewable approach which could efficiently convert naturally 
abundant biomass into liquid product, called as bio-oil.
[1,2]
 However, bio-oil has several 
undesired characters, such as low heating value, instability and corrosion, reading it inferior 
to petroleum. These features are derived from its high oxygen content, contributed by various 
oxygenates with multiple functional groups, such as acid, aldehyde, hydroxyl, etc.
[1]
 
Therefore, in order to be a potential candidate for fuels oxygen removal from bio-oil is 
essential. A promising approach for deoxygenation is catalytic fast pyrolysis, during which 
catalyst is introduced into pyrolysis system either by directly contacting with feedstock or 
passed by initial pyrolysis products. Effective catalysis could change product distribution to 
reduce bio-oil’s oxygen content in terms of releasing H2O, CO2 and CO. 
Lots of research has been focused on catalyst screening for deoxygenation. Zeolite 
catalysis could convert oxygenates from biomass fast pyrolysis into aromatics, which can be 
used as fuel additives.
[3-8]
 According to Carlson, 30% (carbon yield) of aromatics could be 
formed from cellulose by using ZSM-5 as catalyst.
[3]
 However half of the aromatics are 
polyaromatics, which are atmospheric pollutants. Hydrocarbon pool theory has been 
proposed to be possible mechanism, for which oxygenates, such as furans and aldehydes, 
diffusing into zeolite pores and undergoing series of reactions ending up with aromatics and 
olefins.
[9-14]
 Some catalysts could also enhance yield of dehydrated C6 monomers from 
cellulose, which have potential to be applied as versatile intermediates for chiral pool 
synthesis. For example, SO4
2-
/ZrO2, one type of super acid, shows comparable activity as 
phosphoric acid to enhance yield of levoglucosenone up to 8.14 wt% under optimized 
conditions, compared to 2.21 wt% without catalyst.
[15]
 Unfortunately, reduced activity was 
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observed after catalyst regeneration, rending it less advantageous to replace strong inorganic 
acid as a heterogeneous catalyst. Another dehydration product, chiral cyclic hydroxylactone 
(LAC), could be produced with enhanced yield (6 wt%) and successfully separated from 
cellulose derived bio-oil by using nanopowder aluminium titanate as catalyst.
[16, 17]
 Lewis 
acid was proposed to be the active site for LAC formation. However, acidity measurement 
for the catalyst was not performed. Mesoporous catalysts were also tested for deoxygenation. 
AlSBA-15 catalysis enhanced formation of high value products, such as furans and 
aromatics, comparing to SBA-15, although more acid was produced.
[18]
 Higher acid density 
was observed for AlSBA-15 compared to SBA-15. Applying Pt/AlSBA-15 could further 
promote production of aromatics and furans, but might be cost effectively limited for 
practical application. Proposed mechanism was the acid site could facilitate dehydration, 
cracking and decarbonylation thus partially removing oxygen from bio-oil.
[19-21]
 However, no 
quantification was done for pyrolysis products as well as oxygen content of bio-oil. Aho et. 
al. applied MCM-41 mesoporous catalysts as fluidized bed medium for cellulose fast 
pyrolysis. The results showed oxygen content of dry bio-oil only decreased by 3.4% 
accompanied by 23% decrease for its yield, compared to case without catalyst.
[22]
 Stefanidis 
et. al. evaluated mesopore-modified mordenites catalysis for beech wood pyrolysis.
[23]
 They 
claimed that conjunct effects of higher surface area and larger mesopore volume resulted 
from alkaline treatment could improve activity of the catalyst for oxygen removal due to 
enhanced accessibility to the active site. However, it should be noticed that the yield of 
organics decreased from 37% to 11% although its oxygen content decreased from 40% to 
22%, compared to non-catalysis.      
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Zabeti et. al. studied alkali-modified amorphous silica alumina (ASA) catalysis for 
pinewood pyrolysis and found that Na/ASA catalyst could achieve most deoxygenation.
[24]
 
Comparing to control case, oxygen content of dry bio-oil decreased by 27% and high heating 
value (HHV) increased by 28% along with 30% decrease on its yield. Decarboxylation was 
proposed to be dominant in deoxygenation. However, no quantification was made on organic 
products as well as on acidity and basicity of the catalysts. Lin et. al. reported CaO catalysis 
for white pine fast pyrolysis in a fluidized bed reactor reduced oxygen content of dry bio-oil 
by 21% along with sacrificing 13% of organics.
[25]
 Fixation of CO2 and dehydration was 
suggested to contribute to deoxygenation as calcium carbonate were detected from spent 
catalyst and yield of dehydrated products increased by catalysis. Natural minerals also 
received attention for catalytic fast pyrolysis with an advantage of cost efficiency. Li et. al. 
applied red brick, calcite, limestone, and dolomite as bed materials in a spout-fluid bed 
reactor for rice husk pyrolysis. It was shown calcite could achieve best deoxygenation (from 
48.3% to 41.1%) leading to 20% increase in HHV but also sacrificed most organics (from 
34% to 12%).
[26]
 Enhanced cracking and ring-opening reactions were proposed since the 
content of light organics in bio-oil increased. Sanna tested several natural minerals in a 
fluidized bed reactor for fast pyrolysis of spent grains.
[27, 28]
 Acid leached olivine was 
reported to be the best by decreasing oxygen content of dry bio-oil from 36.64% to 25.30% 
compared to α-alumina. Surprisingly, meanwhile the char yield also decreased from 20% to 
10%. Acid leaching was key to deoxygenation since little oxygen removal was observed for 
raw minerals. It was proposed that activity of the catalyst was relative to its surface area and 
content of metal oxide on the surface, especially Fe, and decarboxylation was proposed to be 
dominant in deoxygenation. Unfortunately, neither acidity nor basicity was measured for 
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catalysts before and after acid treatment. Also, water content of bio-oil was not shown, 
leading to unknown yield for dry bio-oil. 
Generally, in the field of catalytic deoxygenation most research has been focused on 
lignocellulose, a complex biopolymer mainly consists of cellulose, hemicellulose and lignin. 
An inevitable tradeoff between deoxygenation and carbon loss on bio-oil has been shown. In 
this work, cellulose is chosen as feedstock in consideration of its relative simpler structure 
for mechanism study. Acid-base bi-functional catalysis is investigated for the first time for 
catalytic fast pyrolysis, by comparing with wide range of other catalysis including acid, base, 
transitional metal oxide, to improve energy density of bio-oil. Catalysts have been evaluated 
in terms of optimizing the balance between oxygen removal and carbon loss. Comprehensive 
quantification on product distribution is performed and high mass balance closure is 
achieved. Quantitative comparison based on active site among acid, base and acid-base bi-
functional catalysts towards oxygen removal has been investigated to provide mechanistic 
insight on the catalysis.  
2 Experimental Methods 
2.1 Materials 
In the current work, all materials were purchased from Sigma-Aldrich unless 
otherwise mentioned. The received silica-alumina (grade 135) contains 13 wt% of alumina, 
75 wt% of silica, and 11 wt% of volatiles. Synthesis of super acid was performed with a 
similar procedure as Hino and Arata.
[29]
 Calcium oxide with high surface area (HA CaO) was 
purchased from Strem Chemicals. Magnesium oxide with high surface area (HA MgO) was 
prepared according to Bartley et. al.
[30]
 The natural mineral, serpentine, was kindly provided 
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from the Geology department of Iowa State University, which is in a polymorph of 
chrysotile. The serpentine was grounded into fine power by a ball mill. Acid treatment for the 
grounded serpentine was performed with a similar method as Teiret. al.
[31-33]
 In the current 
study, the serpentine treated by 1M or 3M H2SO4 was named as serpentine 1M or serpentine 
3M, respectively. 
2.2 Catalyst Characterization 
Most catalysts used in the current study have been characterized in previous 
manuscript.
[34]
 Basicity measurement for HA CaO was performed in the current study by 
temperature programmed desorption (TPD). During the measurement, HA CaO was exposed 
to pure CO2 at a flow rate of 50 cm
3
/min for 0.5 hour. To remove the physically adsorbed 
CO2, the sample was then held at 50 
O
C under a He flow of 10 ml/min for 1.5 hours. Then, 
the sample was heated to 700 
O
C with a rate of 10 
O
C/min. During the heating, the desorbed 
gas was analyzed by TCD and MS.   
2.3 In-situ Catalytic Deoxygenation During Cellulose Fast Pyrolysis 
Catalytic deoxygenation for cellulose fast pyrolysis was investigated by using a single 
shot Micropyrolyzer (2020iS, Frontier Laboratories, Japan) with helium as inert gas. Tested 
catalytic materials included acid, base, acid-base bi-functional, physical mixture of acid and 
base, and transitional metal oxides. Before pyrolysis, cellulose was physically mixed with the 
catalysts with a proper ratio. To ensure uniform mixing, both cellulose and catalyst particles 
were sieved to about 50 microns. To prepare physical mixture of acid and base, acid and base 
materials were also sieved to 50 microns before mixing. For each experiment, about 0.5mg 
cellulose was used. A typical pyrolysis temperature of 500 
O
C was used for all pyrolysis 
experiments. Pyrolysis products were online analyzed by gas chromatograph (GC) (7890A, 
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Agilent Technologies, USA), which was equipped by three detectors including mass 
spectrometry (MS), flame ionization detector (FID) and thermal conductivity detector (TCD). 
A three-way splitter was placed in front of columns to enable simultaneous analysis by the 
three detectors. The MS was used for product identification. The FID and TCD were used to 
quantify condensable products and non-condensable gas (CO, CO2 and olefins), respectively. 
The char and coke yield was obtained by measuring the weight difference. All experimental 
results were based on the average value of triplicate runs. The product distribution was 
reported as carbon yield, which was defined as moles of carbon in the product divided by 
moles of carbon in the cellulose. High carbon balance closure was achieved for each 
experiment. The char/coke yield was obtained by weighing the sample cup before and after 
pyrolysis using a Mettler Toledo microbalance which has a sensitivity of 1 μg. Details for 
GC temperature program and product calibration are given in supporting information.   
2.4 Calculation for Deoxygenation Performance 
In the current study, carbon yield was used for product distribution. The carbon yield 
was defined as moles of carbon in the product divided by moles of carbon in the cellulose. 
Weight yield of products was also obtained to calculate average oxygen content in the vapor 
products, as shown in equation (1). CO, CO2 and water was not included in the calculation 
since the oxygen was removed in terms of these products. High heating value (HHV) of the 
vapor products was calculated by using the empirical formula shown in equation (2).
[35,36]
 In 
equation (2), C, H, O are elemental weight percentages in these products. The effective 
hydrogen-to-carbon (H/Ceff) ratio of the vapor products was defined according to equation 
(3).
[37]
 The C, H, O are the moles of carbon, hydrogen, oxygen, respectively. Deoxygenation 
degree was calculated according to equation (4). The numerator is the difference between the 
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calculated oxygen content of vapor products from cellulose pyrolysis with and without 
catalyst. The denominator is the calculated oxygen content of vapor products from cellulose 
pyrolysis without catalyst.  
product weight yield * oxygen content in the product
Calculated oxygen content = 
Overall yield of vapor product

equation (1) 
337 *C 1442*(H O / 8)
HHV(MJ/ kg)
1000
 
               equation (2) 
eff
H 2*O
H / C
C

                  equation (3) 
Decrease in oxygen content in vapor products
Deoxygenation degree
Oxygen content in vapor products (without  catalyst)
          equation (4) 
3 Results and Discussion 
3.1 Catalyst Characterization 
Extensive characterization of serpentine materials, including nitrogen physisorption, 
induced-coupled plasma mass spectrometry (ICP-MS), X-ray photoelectron spectroscopy 
(XPS), X-ray diffraction (XRD),  nuclear magnetic resonance (NMR), TPD, scanning 
electron micrographs-energy dispersive X-ray spectroscope (SEM-EDS), was shown in 
previous manuscript.
[34]
 Textual properties of HA MgO, acidity measurement for superacid 
and silica-alumina, basicity measurement for HA MgO were also included in the previous 
manuscript.
[34]
 Previous study showed the acid treated serpentine shows both acidity and 
basicity, as demonstrated by NH3/CO2-TPD measurement. Moreover, the acid sites and basic 
sites are closely jointed as suggested by H NMR and SEM-EDS analysis. In the current 
study, CO2-TPD for HA CaO was performed and the result was shown in figure 1. This result 
was compared to the ones for HA MgO and serpentine 1M. Figure 1 shows HA CaO has 
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more and stronger basic sites than HA MgO, which is consistent with what literature 
reported.
[38]
 The serpentine 1M has similar basic strength as HA MgO possibly due to large 
presence of magnesium in the serpentine 1M, as suggested in ICP-MS analysis.
[34]
  
         
Figure 1. Basicity measurement for HA CaO, HA MgO and serpentine 1M by using CO2-
TPD. 50mg of sample was used for each measurement. 
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3.2 Deoxygenation Comparison between Acid and Base  
Table 1. Major product distribution from cellulose fast pyrolysis over different acid and base 
Products
a
 Control
b
 HA MgO
c
 Silica-alumina
d
 Super acid
e
 HA CaO
f
 
Acetaldehyde  0.71 2.49 1.46 1.28 3.84 
Methyl glyoxal 1.14 2.02 1.38 0.60 1.61 
Methyl vinyl ketone 0.40 1.42 1.00 0.89 2.79 
Glycolaldehyde 6.44 6.13 4.47 1.37 5.76 
Acetol 0.40 1.43 0.38 0.22 2.86 
MW 86 0.34 0.40 2.07 2.61 0.91 
Furfural 0.47 0.95 2.17 2.78 0.96 
2-hydroxy cyclopent-2-en-1-one 0.40 0.87 0.48 0.30 1.40 
5-methyl furfural 0.07 0.21 1.18 0.45 0.18 
MW 114 DAXP 2 0.54 0.06 0.60 1.29 0.06 
Levoglucosenone 0.14 0.14 0.68 15.94 0.10 
Cyclic hydroxy lactone 1.21 2.15 6.07 2.96 1.28 
1,4,3,6-dianhydro-α-d-glucopyranose 0.35 0.28 1.12 2.51 0.29 
5-hydroxy methyl furfural 1.26 0.75 0.66 0.46 0.93 
Dianhydro glucopyranose 2.90 0.05 3.36 2.28 0.11 
Other AXP 0.43 0.49 0.51 0.34 0.16 
Levoglucosan 55.50 23.09 15.00 5.69 12.74 
Levoglucosam-furanose 3.84 1.04 1.65 0.41 0.45 
CO 0.96 2.85 3.31 4.74 1.52 
CO2 2.46 5.82 3.67 6.45 1.74
g
 
Char+coke 8.10 25.44 24.69 34.29 40.40
g
 
Summation 89.35 84.91 79.1 91.30 87.93 
Overall vapor products
h
 77.83 50.81 47.43 45.82 44.26 
LMW  9.55 17.90 9.80 5.67 21.26 
Dehydration products 7.22 5.58 16.12 29.09 5.29 
O content of vapor products 48.65 46.64 45.20 41.20 44.77 
H/Ceff 0.02 0.15 0.10 0.09 0.31 
  
2
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Table 1. Major product distribution from cellulose fast pyrolysis over different acid and base 
Products
a
 Control
b
 HA MgO
c
 Silica-alumina
d
 Super acid
e
 HA CaO
f
 
HHV(MJ/kg) 15.41 16.71 17.07 18.56 18.14 
a, all yields are in terms of carbon yield; b, cellulose fast pyrolysis without catalyst; c, catalyst loading: 126%; d, catalyst loading: 
34%; e, catalyst loading: 453%; f, catalyst loading: 207%; g, CO2 was absorbed by CaO, leading to underestimated CO2 yield and 
overestimated char/coke yield; h, don’t include CO, CO2 and water. 
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Comparison between acid and base materials was performed by varying catalyst 
loading. Presence of catalyst changed relative abundance of char, vapors and gasese in the 
product distribution. It appeared that after adding catalyst yield of overall vapor products 
decreased due to more coke and gas formation. For energy conservation higher yield of vapor 
products is desired while for product quality lower oxygen content within the vapor products 
is desired. In this section, comparison among acid/base catalysts was performed based on 
similar yield of overall vapor products. Two acid materials, silica-alumina and super acid, 
and two basic materials, HA MgO and HA CaO, were used. Since usually the yield of vapor 
products is reverse proportional to the catalyst loading, for each material the catalyst loading 
could be tuned to obtain similar yield of vapor products. The results are shown in Table 1, for 
which the yield of overall vapor products ranging from 44% to 51%. Result for cellulose fast 
pyrolysis without catalyst was also shown for comparison. As shown in Table 1, acid 
catalysis generated more dehydration products whereas base catalysis generated more low 
molecular weight compounds (LMW). In the current study, LMW refer to species mainly 
have one, two, and three carbon. Dehydration products refer to species have one, two, and 
three less water stoichiometrically comparing to cellulose, such as HMF, furfural, 
levoglucosenone, etc. Based on the results, it appeared that acid catalysts mainly promote 
dehydration while basic catalyst mainly promote pyran ring scission reactions. Moreover, 
more CO was formed by acid catalysis. This is consistent with our previous study for bio-oil 
model compounds that acid could better promote decarbonylation than base.
[34]
 Comparison 
within acid catalysts or within basic catalysts showed stronger acid (superacid) further 
facilitated dehydration while stronger base (HA CaO) further facilitated formation of LMW. 
As a result, lower oxygen content was achieved by stronger acid due to more oxygen was 
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removed as water. Also, lower oxygen content was obtained by stronger base possibly due to 
more fragmentation leads to more CO2 formation as a way for oxygen removal. The high 
yield of char/coke from HA CaO catalysis was resulted from carbonate formation, which 
concealed the actual yield for CO2. 
In Table 1, the lowest oxygen content of vapor products was observed for superacid 
catatlysis. However, its H/Ceff value is not the highest, which is determined by the 
deoxygenation route. As the main deoxygenation route for superacid catalysis, dehydration 
could effectively remove oxygen but also sacrifice hydrogen stoichiometrically, which 
cannot improve the H/Ceff. Instead, since the extent of dehydration is lower in base catalysis, 
the relative contribution of COx to deoxygenation is higher, which effectively increased the 
H/Ceff as shown in Table 1. The HHV value is relative to oxygen content as well as H/Ceff, as 
shown in equation (2). Therefore, although the oxygen content of vapor products from 
superacid catalysis is apparently lower than HA CaO, the HHV value of the former is only 
marginally higher than the latter due to higher value of H/Ceff of the latter.   
3.3 Deoxygenation over Acid, Base, Acid-base Bi-functional Materials  
In this section, catalytic deoxygenation was performed by using acid-base bi-
functional catalyst, serpentine 1M. Single acid catalyst, single basic catalyst and physical 
mixture of acid/base materials was used as comparison with a proper loading to make sure 
the same total acid amount or/and total base amount as the acid-base bi-functional catalyst. A 
catalyst loading of 386% was used for serpentine 1M, which was proven to be the optimized 
loading for deoxygenation. The results for serpentine 1M with different loading are given in 
Table S1 in supporting information. Based on this loading for serpentine 1M, the calculated  
catalyst loading was 207% for super acid, 93% for silica-alumina, 126% for HA MgO, and 
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103% for HA CaO. For physical mixture of super acid and HA MgO (super acid/HA MgO), 
a loading of 207% was used for super acid and a loading of 126% was used for HA MgO. 
The catalyst loading was calculated based on the active site quantification from TPD in our 
previous study.
[34]
 
 
Figure. 2 Deoxygenation degree and carbon yield for vapor products from catalytic 
deoxygenation over acid, base, acid-base bi-functional catalysts. (Catalyst loading: serpentine 
1M, 386%; super acid, 207%; silica-alumina, 93%, HA MgO, 126%, HA CaO, 103%; super 
acid/HA MgO, 207%/126%)  
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Figure. 3 Carbon yield of LMW (yellow) and dehydration (peach) products from catalytic 
deoxygenation over acid, base, acid-base bi-functional catalyst. (Catalyst loading: same as 
figure 13) 
The complete product distribution for this set of experiment is given in Table S2  in 
supporting information. Figure 2 and 3 summarized the key results from the experiment. As 
shown in figure 2, highest deoxygenation degree (calculated by equation (4)) was observed 
for serpentine 1M with moderate yield for vapor products. Acid catalysis (silica-alumina and 
super acid) shows similar deoxygenation degree. However, more vapor product was formed 
by super acid than silica-alumina, due to less coke/char formation from the former (shown in 
Table S2). Levoglucosenone is the major product under super acid catalysis (shown in Table 
S2). For base catalysis (HA CaO and HA MgO), considerable amount of levoglucosan was 
still present in vapor product (shown in Table S2), leading to their limited deoxygenation 
degree and higher yield for vapor products. As shown in figure 3, acid catalysis generated 
more dehydration products whereas base catalysis generated more LMW compounds, similar 
as aforementioned. Serpentine 1M catalysis generated similar yield of LMW as base catalysis 
while its dehydration product yield was lower than acid catalysis and higher than base 
catalysis. It might be explained by that acid site promotes dehydration but dehydration 
products could further undergo ring scission to form LMW in present of basic site.  
Physical mixture of super acid/HA MgO shows similar yield of dehydration products 
and LMW as serpentine 1M but apparently less deoxygenation degree. To unravel this issue, 
examining details in product distribution is neccessary. Table 2 shows major product 
distribution for the two cases. It appeared that serpentine 1M could better promote the 
conversion of oxygen rich compounds into low oxygen containing products. For LMW with 
single oxygen such as acetaldehyde, propenal, acetone and methyl vinyl ketone, their yield 
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was higher from serpentine 1M catalysis while for oxygen rich LMW such as methyl 
glyoxal, acetol and glycolaldehyde, their yield was higher from super acid/HA MgO 
catalysis. This result could be explained by our previous study on bio-oil model 
compounds.
[34]
 The oxygen rich compounds, such as acetol and methylglyoxal, were more 
reactive under the catalysis conditions. They underwent decarbonylation, dehydrogenation, 
dehydration, and condensation to form more stable, low oxygen containing products. Also 
shown in previous study was that acetaldehyde and acetone were the main products from 
acetol and methyl glyoxal and their yield was highest from serpentine 1M catalysis.
[34]
 
Moreover, model compound study showed highest yield of propenal and methyl vinyl ketone 
was observed from serpentine 1M catalysis, from aldol condensation of 
formaldehyde/acetaldehyde and formaldehyde/acetone, respectively. Similarly, as shown in 
table 2, for dehydration products the yield of furfural and 5-methyl furfural, which have 
double oxygen, was higher under serpentine 1M catalysis. While, the yield of cyclic 
hydroxylactone, 1,4,3,6-dianhydro-α-d-glucopyranose and HMF, which have 3 to 4 oxygen, 
was higher under super acid/HA MgO catalysis. It was shown from the model compound 
study that 5-methyl furfural, furfural and furan are major products from HMF. Higher 
conversion of HMF was observed for serpentine 1M than the super acid/HA MgO, resulting 
in more deoxygenated product. 
To sum up, the comparison among acid, base, and acid-base bi-functional catalysis 
suggests the deoxygenation reactions involved in conversion of oxygen rich compounds 
could be better promoted by acid-base co-catalysis. In acid-base bi-functional catalysis, 
adjacent acid sites to base sites are beneficial for the deoxygenation reactions.  
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Table 2. Comparison of major products’ carbon yield between serpentine 1M and 
super acid/HA MgO catalysis 
Products
a
 Serpentine 1M
b
 Super acid+HAMgO
c
 
Acetaldehyde  7.08 4.58 
Furan 1.34 0.51 
Propenal 1.14 0.68 
Acetone 1.03 0.63 
Methyl glyoxal 1.69 2.50 
Methyl vinyl ketone  4.45 3.64 
Glycoaldehyde 1.25 2.81 
Acetol 0.59 1.76 
Furfural 4.85 2.16 
2-hydroxy cyclopent-2-en-1-one 0.77 1.40 
5-methyl furfural 3.22 1.01 
Levoglucosenone 0.19 0.35 
Cyclic hydroxy lactone 1.19 3.92 
1,4,3,6-dianhydro-a-d-glucopyranose 0.15 0.45 
5-hydroxy methyl furfural 0.06 1.19 
Dianhydro glucopyranose 0.16 0.07 
Levoglucosan 0.10 3.01 
Ethylene 0.30 0.29 
Propylene 0.57 0.37 
CO 6.24 4.25 
CO2 10.59 10.25 
Overall vapor products
d
 40.63 37.69 
Char+coke 39.05 32.02 
Summation 96.50 84.19 
LMW 20.15 19.13 
Dehydration products 10.07 10.39 
O content of vapor products 35.01 40.07 
H/Ceff 0.50 0.42 
HHV 23.16 20.53 
a, all yields are in terms of carbon yield; b, catalyst loading, 386%; c, catalyst loading, 
207%/126%; d, don’t include CO, CO2 and water. 
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3.4 Deoxygenation over Different Serpentine Materials 
Table 3. Major product distribution from catalytic deoxygenation with different serpentine materials 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a, all yields are in terms of carbon yield; b, catalyst loading, 386%; c, don’t include CO, CO2 and water. 
Products
a
 Raw serpentine
b
 Serpentine 3M
b
 Serpentine 1M
b
 
Acetaldehyde  1.55 4.57 7.08 
Propenal 0.43 0.81 1.14 
Acetone 0.11 0.76 1.03 
Methyl glyoxal 1.82 3.99 1.69 
Methyl vinyl ketone  0.70 2.89 4.45 
Glycolaldehyde 5.11 5.01 1.25 
Acetol 0.61 1.24 0.59 
Furfural 0.93 3.04 4.85 
2-hydroxy cyclopent-2-en-1-one 0.57 1.16 0.77 
5-methyl furfural 0.35 1.14 3.22 
Cyclic hydroxy lactone 6.06 2.40 1.19 
5-hydroxy methyl furfural 1.40 1.14 0.06 
Levoglucosan 23.98 2.80 0.10 
Levoglucosan-furanose 1.59 0.17 0.00 
Ethylene 0.14 0.16 0.30 
Propene 0.13 0.29 0.57 
CO 2.84 7.99 6.24 
CO2 8.35 6.79 10.59 
Char+coke 28.95 43.30 39.05 
Summation 92.19 103.68 96.50 
Overall vapor products
c
 52.05 45.60 40.63 
Oxygen content of vapor products 46.73 40.43 35.01 
H/Ceff 0.09 0.30 0.50 
HHV 16.43 19.90 23.16 
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As shown in Table 3, raw serpentine catalysis could only decrease the oxygen content 
of vapor products to 46.7%, compared to 48.7 % as the control case. Apparent deoxygenation 
effects have been achieved by using acid treated serpentine as catalyst. In this case, the 
oxygen rich compounds, levoglucosan, decomposed into furans and LMW, most of which 
has lower oxygen content than the levoglucosan. Meanwhile, more CO and CO2 was formed 
as a way to deplete the oxygen from oxygen rich compounds. Based on physisorption 
measurement in our previous study,
[34]
 the surface area of the serpentine increased by 30 
times after acid treatment, which was one reason for an increase on its number of acid site 
and basic site. Moreover, since relative acidity versus basicity in the serpentine could be 
tuned by using acid with different concentration, the acid concentration affected the 
deoxygenation. As suggested by the oxygen content of vapor products, more deoxygenation 
was achieved by serpentine 1M than serpentine 3M. Previous characterization of serpentine 
materials showed their major metals included Mg, Ca, and Fe, the oxide of which were the 
source of basicity.
[34]
 The metal content could be tuned by acid concentration during the 
treatment. Based on composition analysis, total metal content in the bulk and on the surface 
was 12.61 wt% and 9.95 wt%, respectively, for the serpentine 1M. However, these two 
values decreased to 2.37 wt% and 0.78 wt%, respectively, for the serpentine 3M.
[34]
 On the 
other hand, serpentine treated by more concentrated acid has more H and S, which was 
probably due to formation of bridged hydroxyls and sulfur-promoted metal oxides, as 
indicated by H NMR, XPS and SEM-EDS analysis.
[34]
 As a result, serpentine 1M had more 
basic site due to less metal leaching while serpentine 3M had more acid site due to formation 
of the acidic bridged hydroxyls and sulfur-promoted metal oxides.     
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As mentioned previously, oxygen rich compounds were more reactive under 
acid/base catalysis and could be converted to more stable, lower oxygen content products. In 
this process, the oxygen was removed by forming CO, CO2 and water. By comparing the 
product distribution from serpentine 1M and serpentine 3M catalysis, more low oxygen 
containing LMW and furans was observed for the former while more oxygen rich was 
observed for the latter. Accordingly, more COx was formed by serpentine 1M, especially 
CO2. As a result, lower oxygen content of vapor products was achieved by serpentine 1M 
catalysis. The results suggested in the current range of acidity and basicity, decomposition of 
oxygen rich compounds was dominated by the number of basic site. The H/Ceff also 
increased by following the order serpentine 1M > serpentine 3M > raw serpentine. As a 
result, highest improvement (50%) in high heating value (HHV) for vapor products was 
obtained by serpentine 1M.  
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3.5 Overall Evaluation for Deoxygenation over Different Materials 
 
 
Figure. 4 Oxygen content (a) and HHV (b) of vapor products versus its carbon yield from 
catalytic deoxygenation of cellulose pyrolysis by different materials 
Green- control case; Red- serpentine 1M: ○ 112%; Δ 252%; ▫ 386%; ◊ 508%; Yellow- silica-
alumina: ◊ 34%; ▫ 93%; Black- super acid: ◊ 207%; ▫ 453%; ○ 765%; Gray- HAMgO: ◊ 126%; ▫ 
300%; Blue- HACaO: ○ 103%; ▫ 207%; ◊ 569%; Purple- Superacid+HAMgO; Brown- Transitional 
metal compounds: ▫ FeSO
4
.7H
2
O, 366%; Δ MoO
3
, 445%; ◊ Fe
2
O
3
, 387%. 
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Figure 4 summarize deoxygenation performance in terms of oxygen content, high 
heating value (HHV) over carbon yield of vapor products for different catalysts and different 
catalyst loading. Product distribution from transitional metal compound catalysis is given in 
Table S3 in supporting materials. No promising results were observed from them, as 
illustrated in supporting information. The line in the figures represents the average 
performance of all catalysis. Generally, for each catalyst at different catalyst loading, 
deoxygenation degree is reversely proportional to carbon yield of vapor products. 
Apparently, serpentine 1M shows best deoxygenation activity, which led to the highest 
deoxygenation degree, highest HHV and moderate yield of vapor products. Based on the 
tradeoff between the oxygen removal and yield of vapor products, preferred catalysis cases 
should be located in right down side of the line in figure 4 (a), including serpentine 1M, 
super acid, and super acid/HA MgO. Similarly, high HHV and high yield of vapor products 
was desired in figure 4 (b), suggesting preferred catalysis cases should be located in the right 
top side of the solid line, including serpentine 1M, super acid/HA MgO, high loading of HA 
MgO and HA CaO. The controversy in terms of catalyst choice between figure 4 (a) and (b) 
is whether super acid or HA MgO and HA CaO had the above average performance or not. 
This difference derives from the primary deoxygenation route for acid and base catalyst. For 
super acid, deoxygenation primarily occurred through the dehydration. While for base 
catalyst, the contribution of COx formation to deoxygenation was more. Comparing to 
oxygen removal as COx, dehydration leads to hydrogen loss as well, thus not increasing the 
H/Ceff. At the same level of deoxygenation degree, vapor products with higher H/Ceff would 
have higher HHV.  
  
219 
 
Table 4. Energy conservation during the catalytic deoxygenation  
 
Control 
 
Serpentine 
1M
a
 
HA 
MgO
b
 
HA 
CaO
c
 
Super acid 
/HA MgO
d
 
Energy throughput,  
MJ/kg of cellulose 11812 7191 4090 5642 6472 
Energy conservation 
efficiency, %                     -           60.9 34.6 47.8 54.8 
a, catalyst loading, 386%; b, catalyst loading, 300%; c, catalyst loading, 569%; d, catalyst 
loading, 207%/126%.    
 
Table 4 estimates the how much energy was preserved in the vapor products after the 
catalytic deoxygenation. The first row represented the energy throughput of pyrolysis vapor 
products from cellulose, which was calculated by using the HHV to multiply weight yield of 
vapor products. For the control case, cellulose was pyrolyzed at 500 
O
C without catalyst. The 
energy conservation efficiency was calculated by using the energy throughput from catalysis 
divided by the value of control case. It should be noted that this energy evaluation is only 
based on the contribution from vapor products. The energy which could be potentially 
generated by coke combustion was not considered. Four cases were chosen, which are the 
preferred catalysis cases in figure 4 (b). Among them, the serpentine 1M showed distinct 
feature for preserving energy in vapor products. For this case, 61% of energy was maintained 
comparing to the control case. There is limitation on increasing the efficiency when large 
degree of deoxygenation is required. During catalytic deoxygenation without adding extra 
hydrogen, lose carbon in the vapor products is inevitable since the three deoxygenation 
routes, formation of CO, CO2 and water, would all sacrifice the carbon in vapor products. 
Although formation of water doesn’t take carbon, the dehydration would cause coke and char 
formation. Therefore, the target for the catalytic deoxygenation would be removing oxygen 
or improving HHV and simultaneously mitigating the loss of vapor products. In this scenario 
serpentine 1M, the acid-base bi-functional catalyst, shows more promising results than acid, 
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base, and transitional metal materials. Better tradeoff between deoxygenation and carbon loss 
could potentially be achieved by further tuning the relative acidity versus basicity in the bi-
functional catalyst.    
3.6 Reusability  
The reusability of the serpentine 1M was tested by using the regenerated catalyst. 
After pyrolysis, the mixture of used catalyst, char and coke was subjected to furnace under 
air. A temperature program of 10 K/min from room temperature to 600 
O
C and holding at 
600 
O
C for 1 hour was used. Then, catalytic deoxygenation of the cellulose was performed 
with the regenerated catalyst. As shown in figure 5, up to third cycles no apparent change 
was observed for deoxygenation. Moreover, the NH3/CO2-TPD and physisorption was 
performed for regenerated catalyst after the third cycle. Similar number of acid/base site, 
BET surface area, and pore size distribution was found as the fresh catalyst. Therefore, the 
coke formed during catalysis was successfully removed by combustion during the 
regeneration. Also, co-pyrolysis of serpentine 1M with cellulose and heat treatment of 
serpentine 1M in air didn’t change the textural properties and acid/base properties of the 
material.  
221 
 
 
Figure 5. Reusability of serpentine 1M.   
4. Conclusions 
Catalytic deoxygenation during cellulose fast pyrolysis was evaluated over acid, base, 
transitional metal compounds and acid-base bi-functional materials. The acid-base bi-
functional catalyst was prepared by acid treatment for a natural mineral, serpentine. Catalyst 
characterization shows both acid and basic features for the bi-functional catalyst. Pyrolysis of 
cellulose over these materials with the same total amount of acid and/or base site shows the 
bi-functional catalysis resulted in the best deoxygenation effects and a decent yield of vapor 
products. Under the bi-functional catalysis, acid site mainly promotes dehydration while 
dehydration products could further undergo ring scission to form LMW in present of base 
site. Comparing to catalysis from physical mixture of acid and base, the acid treated 
serpentine showed higher degree of deoxygenation, which was resulted from its higher 
conversion of oxygen rich compounds. In the current study, the catalytic deoxygenation 
reactions mainly consist of ring scission, decarbonylation, dehydrogenation, dehydration, and 
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condensation. It appeared that these reactions could be best promoted by acid-base co-
catalysis with adjacent acid sites to base sites.   
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Supporting Information for: Chapter 5 
S1 Product Analysis 
The conditions for online product analysis were described here. The temperature of 
GC injector was set at 300 
O
C. The temperature ramping program consists of an initial hold 
at 35 
O
C for 3 minutes, then ramping to 300 
O
C with a rate of 5 
O
C/min, followed by a hold at 
300 
O
C for 4 minutes. Constant column flow rate of 1 ml/min was maintained. As a result, 
the flow rate through the reactor was controlled by split ratio. A capillary column of ZB 1701 
(60 m × 0.250 mm and 0.250 μm film thickness) was used to separate condensable products. 
For simultaneous identification and quantification, two identical ZB 1701 columns were 
used. One was connected to MS (5975C, Agilent Technologies, USA) for product 
identification and the other one was connected to FID for products quantification. The 
calibration of condensable vapor products was mentioned in previous publications
[1]
. A 
Porous Layer Open Tubular (PLOT) column (60 m x 0.320 mm) (GS-GasPro, Agilent, USA) 
was used to separate non-condensable gas (NCG) products, which were then quantified by 
TCD. The NCG products in the current study include CO, CO2, C2H4 and C3H6. A standard 
gas mixture (Praxair, USA) consisting of CO, CO2, CH4, C2H4, C2H6, C3H6, C3H8, and C4H8 
was used for the calibration.  
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S2 Deoxygenation over Serpentine with Different Loading 
Table S1. Product distribution from cellulose fast pyrolysis over serpentine 1M at different loading 
Products
a 
Serpentine 1M
b
 Serpentine 1M
c
 Serpentine 1M
d
 Serpentine 1M
e
 
Formaldehyde 0.42 0.62 0.85 1.17 
Acetaldehyde  2.96 5.38 7.08 8.22 
Furan 0.65 1.01 1.34 1.66 
Propenal 0.61 0.88 1.14 1.22 
Acetone 0.37 0.75 1.03 1.50 
Methyl glyoxal 2.79 1.91 1.69 1.04 
2-methyl furan 0.35 0.64 0.86 0.97 
Methyl vinyl ketone  2.41 3.19 4.45 4.16 
Glycolaldehyde 4.69 0.99 1.25 1.12 
Acetic acid 0.27 0.95 0.93 0.34 
Acetol 0.85 0.74 0.59 0.68 
Furfural 2.90 3.87 4.85 3.27 
2 furanmethanol 0.48 0.85 0.51 0.27 
3 furanmethanol 0.19 0.93 0.98 1.18 
2-hydroxy cyclopent-2-en-1-one 1.01 0.96 0.77 0.33 
5-methyl furfural 1.73 2.77 3.22 2.06 
2(5H) furanone 0.27 0.39 0.39 0.29 
MW 114 DAXP 2 0.52 0.00 0.06 0.40 
Methyl cyclopentenolone 0.31 0.35 0.29 0.08 
Other DAXP 2 0.55 0.38 0.00 0.06 
Levoglucosenone 0.37 0.30 0.19 0.27 
Cyclic hydroxy lactone 4.04 1.65 1.19 0.04 
1,4,3,6-dianhydro-a-d-glucopyranose 0.47 0.14 0.15 0.01 
5-hydroxy methyl furfural 1.12 0.21 0.06 0.04 
Dianhydro glucopyranose 0.52 0.16 0.16 0.10 
Other AXP 0.09 0.05 0.06 0.07 
Levoglucosan 6.62 0.14 0.10 0.07 
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Table S1. Product distribution from cellulose fast pyrolysis over serpentine 1M at different loading 
Products
a 
Serpentine 1M
b
 Serpentine 1M
c
 Serpentine 1M
d
 Serpentine 1M
e
 
Levoglucosan-furanose 0.46 0.04 0.00 0.02 
MW 86
f
 1.36 0.80 0.80 0.32 
C6H8O4_1
f
 0.10 0.00 0.00 0.25 
C6H8O4_2
f
 0.00 0.05 0.09 0.06 
C6H8O4_3
f
 0.17 0.12 0.09 0.18 
C4H6O2
f
 0.28 0.27 0.26 0.24 
C6H6O
f
 0.18 0.21 0.23 0.21 
C6H6O2
f
 0.18 0.32 0.19 0.17 
C5H4O2
f
 0.35 0.64 0.74 0.67 
C6H10O
f
 0.12 0.22 0.23 0.21 
C6H6O2
f
 0.42 0.68 0.67 0.60 
C5H4O2
f
 0.08 0.34 0.33 0.30 
C5H4O2
f
 0.16 0.39 0.32 0.29 
C5H6O2
f
 0.08 0.10 0.13 0.12 
C6H6O2
f
 0.00 0.19 0.21 0.18 
C6H6O
f
 0.00 0.50 0.57 0.51 
C6H4O3
f
 0.05 0.07 0.09 0.08 
C5H6O2
f
 0.19 0.62 0.55 0.50 
C10H6O2
f
 0.00 0.00 0.04 0.04 
Ethylene 0.11 0.19 0.30 0.38 
Propene 0.24 0.42 0.57 0.72 
CO 4.18 7.18 6.24 7.64 
CO2 7.41 10.06 10.59 11.04 
Char+coke 31.24 42.96 39.05 41.17 
Overall vapor products
g
 42.11 36.40 40.63 36.65 
Summation 84.95 96.60 96.51 96.51 
Oxygen content of vapor products 41.87 35.76 35.01 34.16 
H/Ceff 0.24 0.44 0.50 0.60 
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Table S1. Product distribution from cellulose fast pyrolysis over serpentine 1M at different loading 
Products
a 
Serpentine 1M
b
 Serpentine 1M
c
 Serpentine 1M
d
 Serpentine 1M
e
 
HHV 18.98 22.53 23.16 23.83 
a, all yields are in terms of carbon yield; b, catalyst loading: 112%; c, catalyst loading: 252%; d, catalyst loading: 386%; e, catalyst 
loading: 508%; f, molecular weight was determined by MS; g, don’t include CO, CO2 and water.  
 
Table S1 shows catalytic deoxygenation for cellulose pyrolysis over serpentine at different loading. It was shown that 
considerable deoxygenation occurred when catalyst loading was no less than 252%. Among these cases, highest carbon yield was 
observed at catalyst loading of 386%.  
S3 Deoxygenation over Different Acid, Base, Acid-base Bi-functional Materials 
Table S2.  Product distribution from cellulose fast pyrolysis over acid and base materials with same total acid 
amount or/and total base amount.  
Products
a 
 
Serpentine 
1M
b
 
Silica-
alumina
c
 
Super 
acid
d
 
HA 
MgO
e
 
HA 
CaO
f
 
Super acid 
/HA MgO
g
 
Formaldehyde 0.85 0.20 0.42 0.27 0.76 0.54 
Methanol - - - - 0.51 0.85 
Acetaldehyde  7.08 2.11 1.27 2.49 2.34 4.58 
Furan 1.34 0.88 0.59 0.17 0.26 0.51 
Propenal 1.14 0.45 0.30 0.63 0.38 0.68 
Acetone 1.03 0.20 0.20 0.31 0.33 0.63 
Methyl glyoxal 1.69 1.50 0.65 2.02 1.80 2.50 
2-methyl furan 0.86 0.41 0.20 0.13 0.11 0.29 
Methyl vinyl ketone  4.45 1.17 0.84 1.42 1.60 3.64 
Glycoaldehyde 1.25 2.90 1.47 6.13 8.35 2.81 
Acetic acid 0.93 0.49 0.38 0.27 0.43 0.51 
Acetol 0.59 0.29 0.17 1.43 2.05 1.76 
MW 86
h
 0.80 1.69 2.39 0.40 1.04 1.18 
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Table S2.  Product distribution from cellulose fast pyrolysis over acid and base materials with same total acid 
amount or/and total base amount.  
Products
a 
 
Serpentine 
1M
b
 
Silica-
alumina
c
 
Super 
acid
d
 
HA 
MgO
e
 
HA 
CaO
f
 
Super acid 
/HA MgO
g
 
Furfural 4.85 2.80 2.07 0.95 0.81 2.16 
2 furanmethanol 0.51 0.17 0.41 0.20 0.23 0.51 
3 furanmethanol 0.98 0.12 0.05 0.13 0.26 0.32 
2-hydroxy cyclopent-2-en-1-one 0.77 0.51 0.32 0.87 1.32 1.40 
5-methyl furfural 3.22 0.54 0.07 0.21 0.17 1.01 
2(5H) furanone 0.39 0.18 0.06 0.25 0.43 0.42 
MW 114 DAXP 2 0.06 0.30 1.16 0.06 0.11 0.20 
Methyl Cyclopentenolone 0.29 0.12 0.11 0.56 0.34 0.40 
Other DAXP 2 0.00 0.08 0.42 0.06 0.18 0.20 
Levoglucosenone 0.19 0.54 17.46 0.14 0.12 0.35 
Cyclic hydroxy lactone 1.19 1.73 1.93 2.15 2.04 3.92 
C6H8O4_1
h
 0.00 0.00 0.07 0.00 0.24 0.12 
C6H8O4_2
h
 0.09 0.00 0.19 0.34 0.43 0.38 
C6H8O4_3
h
 0.09 0.00 0.34 0.58 0.54 0.34 
1,4,3,6-dianhydro-a-d-glucopyranose 0.15 0.23 2.93 0.28 0.32 0.45 
5-hydroxy methyl furfural 0.06 0.19 0.61 0.75 0.92 1.19 
Dianhydro glucopyranose 0.16 0.30 2.27 0.05 0.15 0.07 
Other AXP 0.06 0.41 0.35 0.49 0.18 0.08 
Levoglucosan 0.10 2.25 5.81 23.09 18.04 3.01 
Levoglucosan-furanose 0.00 0.31 0.30 1.04 0.57 0.04 
C4H6O2
h
 0.26 - - - - - 
C6H6O
h
 0.23 - - - - - 
C6H6O2
h
 0.19 - - - - - 
C5H4O2
h
 0.74 - - - - - 
C6H10O
h
 0.23 - - - - - 
C6H6O2
h
 0.67 - - - - - 
C5H4O2
h
 0.33 - - - - - 
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Table S2.  Product distribution from cellulose fast pyrolysis over acid and base materials with same total acid 
amount or/and total base amount.  
Products
a 
 
Serpentine 
1M
b
 
Silica-
alumina
c
 
Super 
acid
d
 
HA 
MgO
e
 
HA 
CaO
f
 
Super acid 
/HA MgO
g
 
C5H4O2
h
 0.32 - - - - - 
C5H6O2
h
 0.13 - - - - - 
C6H6O2
h
 0.21 - - - - - 
C6H6O
h
 0.57 - - - - - 
C6H4O3
h
 0.09 - - - - - 
C5H6O2
h
 0.55 - - - - - 
C10H6O2
h
 0.04 - - - - - 
Ethylene 0.30 0.12 0.14 0.18 0.15 0.29 
Propene 0.57 0.16 0.12 0.00 0.17 0.37 
CO 6.24 4.79 3.63 2.85 1.52 4.25 
CO2 10.59 4.96 5.78 5.82 1.74 10.25 
Char+coke 39.03 36.61 24.63 25.44 34.08 32.00 
Overall vapor products
g
 40.63 23.33 46.07 50.81 47.67 37.69 
Summation 96.50 69.70 80.12 82.17 85.01 84.19 
Oxygen content of vapor products 35.01 41.59 41.40 46.64 46.28 40.07 
H/Ceff 0.50 0.23 0.08 0.15 0.19 0.42 
HHV 23.16 19.13 18.53 16.71 16.95 20.53 
a, all yields are in terms of carbon yield; b, catalyst loading: 386%; c, catalyst loading: 93%; d, catalyst loading: 207%; e, catalyst 
loading: 126%; f, catalyst loading: 103%; g, catalyst loading: 207%/126%; h, molecular weight was determined by MS; g, don’t 
include CO, CO2 and water. 
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S4 Deoxygenation over Transitional Metal Materials 
Table S3. Product distribution from cellulose fast pyrolysis over transitional metal materials 
Products
a
 MoO3
b
 FeSO4.7H2O
c
 Fe2O3
d
 
Formaldehyde 0.29 0.29 0.30 
Acetaldehyde  1.46 1.13 3.51 
Furan 0.90 0.51 0.25 
Propenal 0.50 0.29 0.55 
Acetone 0.66 0.23 0.57 
Methyl glyoxal 0.64 0.57 1.49 
2-methyl furan 0.10 0.21 0.17 
Methyl vinyl ketone  0.83 1.14 2.44 
Glycolaldehyde 4.99 1.35 2.65 
Acetic acid 0.05 0.31 2.04 
Acetol 0.21 0.20 1.35 
MW 86 1.26 1.29 0.46 
Furfural 1.30 2.86 0.96 
2 furanmethanol 0.51 0.43 0.30 
3 furanmethanol 0.16 0.09 0.47 
2-hydroxy cyclopent-2-en-1-one 0.09 0.30 1.40 
5-methyl furfural 0.48 0.80 0.54 
2(5H) furanone 0.21 0.18 0.38 
MW 114 DAXP 2 0.39 0.83 0.05 
Methyl cyclopentenolone 0.39 0.10 0.58 
Other DAXP 2 0.20 0.47 0.20 
Levoglucosenone 2.09 12.75 0.32 
Cyclic hydroxy lactone 1.52 1.65 1.54 
C6H8O4_1 0.18 0.02 0.15 
C6H8O4_2 0.31 0.25 0.16 
C6H8O4_3 0.44 0.53 0.13 
1,4,3,6-dianhydro-a-d-
glucopyranose 1.70 2.15 0.39 
5-hydroxy methyl furfural 0.34 0.20 1.00 
Dianhydro glucopyranose 1.46 1.61 0.01 
Other AXP 0.26 0.57 0.03 
Levoglucosan 15.18 11.28 7.97 
Levoglucosan-furanose 0.25 0.68 0.24 
Overall vapor products 39.53 45.28 32.58 
Oxygen content of vapor 
products
e
 45.46 42.67 43.27 
H/Ceff 0.13 0.08 0.29 
HHV 17.05 17.96 18.68 
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a, all yields are in terms of carbon yield; b, catalyst loading: 445%; c, catalyst loading: 366%; 
d, catalyst loading: 387%; e, don’t include CO, CO2 and water.  
 
It was reported that MoO3 was active in atmospheric hydrodeoxygenation of cellulose 
or lignin derived oxygenates. Unsaturated hydrocarbons were formed during the 
hydrodeoxygenation.
[2]
 In the current study, MoO3 was used as catalyst for cellulose fast 
pyrolysis. However, the results turned out to be not promising, as only a little decrease on 
oxygen content of vapor products was observed at the sacrifice of almost half of carbon yield 
of the vapor products. This suggests the hydrogen is necessary for MoO3 to be effective in 
oxygen removal. Fe in acid treated olivine, which might be in oxide form or sulfate form, 
was proposed to be active sites for deoxygenation during biomass fast pyrolysis.
[3]
 In the 
current study, both Fe2O3 and FeSO4 was tested for the catalytic deoxygenation. As shown in 
Table S3, they behaved similar as single acid or single base materials. The Fe2O3 acted more 
likely as basic catalyst while FeSO4 acted more likely as acid catalyst. Their deoxygenation 
effect was not as promising as the acid-base bi-functional catalyst.   
References for “Supporting Information of Chapter 5” 
[1] Zhang, J.; Nolte, M. W.; Shanks, B. H. Investigation of primary reactions and secondary effects 
from the pyrolysis of different celluloses. Submitted to ACS Sustainable Chem. Eng.  
 
[2] Prasomsri, T.; Nimmanwudipong, T.; Roman-Leshkov, Y. Energy Environ. Sci. 2013, 6, 
1732-1738. 
 
[3] Sanna, A.; Andresen, J. M. ChemSusChem 2012, 5, 1944-1957. 
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CHAPTER 6  
SUMMARY AND CONCLUSIONS 
 
Primary reactions and secondary effects for cellulose fast pyrolysis were investigated 
in an online micropyrolyzer-GC-MS/FID system by varying sample weight, particle size, and 
morphology of cellulose sample. Prior to pyrolysis, all cellulose samples were proven to be 
essentially mineral-free. Heating rate calculations suggested that negligible heat transfer 
limitation for the cellulose pyrolysis system when an appropriate sample weight was used 
(<800 μg). It was found that mass transfer limitations dominated when excessive sample 
weight or sample particle length scale were applied, leading to a higher yield of gases and 
char and a lower yield of levoglucosan. That is, a greater amount of secondary reactions were 
observed for sample masses >800 μg and for when the large powder cellulose domains were 
pyrolyzed. The changes in LMWs and furans yields observed for these cases could be 
attributed to different extents of secondary reactions. The mass transfer effects associated 
with secondary reactions were also observed when model compounds were co-pyrolyzed 
with char, which acted as a catalyst for secondary reactions. The secondary reactions include 
secondary char and gas formation from volatile products and decomposition and dehydration 
of levoglucosan into LMWs, furans, and dehydrated pyranose.  
Fast pyrolysis of eight types of powder cellulose with different crystallinities, DPs, 
and feedstock sources was performed under well controlled sample weight and particle size 
conditions. High mass balance closures were achieved for each case. Similar product 
distributions were observed for all eight types of cellulose, demonstrating that the primary 
reactions in the fast pyrolysis of cellulose were not affected by crystallinity, DP, or 
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feedstock. The results suggested that H-bonding and van der Waals forces do not play a 
significant role in the primary reactions of cellulose thermal deconstruction under fast 
pyrolysis conditions.  
Under primary reaction regime in fast pyrolysis, negligible interactions were found 
for physical mixture of either cellulose-hemicellulose or cellulose-lignin. No significant 
interaction was identified for native cellulose-hemicellulose mixture either. For herbaceous 
native cellulose-lignin mixture, apparent interaction was found as levoglucosan yield was 
diminished and yield of low molecular weight compounds and furans increased. However, 
woody native cellulose-lignin samples did not show the interaction effects. It is speculated 
that this could be due to higher degree of covalent bonding between cellulose and lignin in 
the herbaceous biomass than woody biomass, which leads to levoglucosan having a greater 
difficulty to be formed. This work, combined with previous pyrolysis studies with single 
biopolymer components and the catalytic effect of inorganic salts, can help provide the basis 
to develop models that can be used to predict bio-oil compositions resulting from the primary 
reactions in the fast pyrolysis of different biomass types. 
Catalytic deoxygenation of eight carbohydrate-derived bio-oil model compounds was 
performed in a fixed bed reactor. Aldol condensation was tested separately by feeding binary 
mixtures of the model compounds. Using the same number of acid/base sites, an acid, base, a 
physical mixture of acid and base material and an acid-base bi-functional catalyst were 
evaluated based on their activity for deoxygenation reactions. The bi-functional catalyst was 
prepared by acid treatment of a natural mineral, serpentine. Extensive characterization of the 
bi-functional catalyst revealed adjacent acid and basic sites. A higher reactivity was observed 
for the model compound with a greater number of oxygen containing functional groups. 
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Based on isotopic labelling, reaction pathways were proposed for the catalytic conversion of 
three oxygen rich compounds, HMF, acetol and methylglyoxal. A series of deoxygenation 
reactions occurred, including decarbonylation, dehydration, and aldol condensation. A 
moderate acid strength could better promote decarbonylation. In situ hydrogen was likely 
formed during the catalysis as evident by the presence of dehydrogenation products, which 
could be better promoted by basic site. The in situ hydrogen probably participated in the 
hydrodeoxygenation of small aldehyde/ketones to completely remove oxygen since olefins 
were observed in the products. By evaluating the yield of deoxygenation products and 
oxygen content in the product mixture, the highest degree of deoxygenation was achieved 
with the bi-functional catalyst, due to the synergistic catalysis between acid and basic sites, 
which was not seen with the physical mixture of acid and base. The current study suggested 
the acid treated serpentine, or another cost-effective acid-base bi-functional catalyst, could be 
promising candidates for efficient oxygen removal in the catalytic pyrolysis of carbohydrates.  
Catalytic deoxygenation during cellulose fast pyrolysis was evaluated over acid, base, 
transitional metal compounds and acid-base bi-functional materials. Pyrolysis of cellulose 
over these materials with the same total amount of acid and/or base site shows the bi-
functional catalysis resulted in the best deoxygenation effects and a decent yield of vapor 
products. Under the bi-functional catalysis, acid site mainly promotes dehydration while 
dehydration products could further undergo ring scission to form LMW in present of base 
site. Comparing to catalysis from physical mixture of acid and base, the acid treated 
serpentine showed higher degree of deoxygenation, which was resulted from its higher 
conversion of oxygen rich compounds. In the current study, the catalytic deoxygenation 
reactions mainly consist of ring scission, decarbonylation, dehydrogenation, dehydration, and 
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condensation. It appeared that these reactions could be best promoted by acid-base co-
catalysis with adjacent acid sites to base sites.  
